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INTERACTIONS OF WHEAT MACROMOLECULES AND FIBRES FROM FRUIT 
PROCESSING BY-PRODUCTS USING MODEL SYSTEMS AND THE APPLICATION 
EXAMPLE MUFFIN 
Struck, S. Technische Universität Dresden, Faculty of Mechanical Science and 
Engineering, doctoral thesis 2017, 117 pages, 24 figures, 19 tables   
 
By-products of fruit, cereal and vegetable processing are often regarded as waste 
while they contain significant amounts of dietary fibre and phytochemicals that can 
positively contribute to the human diet when reused as food ingredient. The 
application of fibre from by-products in baked goods could increase the sustainability 
of the processing chain but is usually associated with changes in product 
characteristics, such as lower volume, denser structure and increased hardness. In the 
current study, the interactions of fibres from by-products and wheat macromolecules 
were analysed in muffins, starch slurries and wheat doughs. The three selected fibres 
differed significantly in their chemical composition and technofunctional properties. 
In muffins wheat flour replacement by apple fibre was assessed by rheological 
measurements of batter and determination of product characteristics. Water 
proportion adaption based on batter viscosity to create isoviscosity was evaluated as a 
promising method to develop muffins with satisfying characteristics, where a wheat 
flour replacement of 30 % is suggested. The addition of apple fibre influenced starch 
gelatinisation in muffins during baking as indicated by the results of pasting 
experiments and in vitro starch digestion. Starch slurries with apple and wheat fibre 
were analysed in pasting experiments. Soluble dietary fibre, mainly pectin, strongly 
influenced the pasting profile of wheat starch, in comparison to insoluble dietary fibre, 
that acted as an inert filler and did not interact with the starch. 
Wheat doughs with fibre from by-products were analysed for rheology, texture and 
microstructure. The gluten development was negatively influenced by the fibres, which 
resulted in less extensible doughs. Soluble dietary fibre resulted in increased dough 
stickiness and limited dough handling at high application levels. It can be reasoned 
that dough with 10% fibre from by-products would produce products with satisfying 
characteristics, whereas higher application levels cannot be recommended without 
using additives to increase the gluten strength. 
Fibres from by-products are suitable wheat flour replacers in bakery products, where 
the negative effects of the high water binding capacity of the fibre, can be partly 
balanced by water proportion adaption, especially in products were gluten 
development is not that dominating for product structure, like in muffins or cakes. 
  
  
WECHSELWIRKUNGEN ZWISCHEN WEIZENMAKROMOLEKÜLEN UND FASERN 
AUS NEBENPRODUKTEN DER FRUCHTSAFTPRODUKTION IN MODELL-
SYSTEMEN UND DEM ANWENDUNGSBEISPIEL MUFFIN 
Struck, S. Technische Universität Dresden, Fakultät Maschinenwissen, Dissertation 
2017. 117 Seiten, 24 Abbildungen, 19 Tabellen  
 
Nebenprodukte der Obst-, Getreide- und Gemüseverarbeitung werden oft als Abfall 
betrachtet, wobei sie signifikante Gehalte an Ballaststoffen und sekundären 
Pflanzeninhaltsstoffen aufweisen, und bei der Verwendung als Lebensmittelzutat 
positiv zur menschlichen Ernährung beitragen können. Die Anwendung von Fasern aus 
Nebenprodukten in Backwaren könnte die Nachhaltigkeit der Verarbeitungskette 
erhöhen, ist jedoch mit Änderungen der Produkteigenschaften verbunden, wie 
verringertes Volumen, dichtere Struktur und erhöhte Härte. In der vorliegenden Studie 
wurden die Wechselwirkungen von Fasern und Weizenmakromolekülen in Muffins, 
Stärkesuspensionen und Weizenteigen analysiert, wobei sich die drei ausgewählten 
Fasern in ihrer chemischen Zusammensetzung und ihren technofunktionellen 
Eigenschaften unterschieden. 
In Muffins wurde die Mehlsubstitution durch Apfelfaser anhand von Teigrheologie und 
Produkteigenschaften analysiert. Die Anpassung des Wassergehaltes basierend auf der 
Teigviskosität wurde als vielversprechende Methode zur Entwicklung von Muffins mit 
akzeptablen Eigenschaften bewertet, wodurch ein Mehlersatz von 30% möglich war. 
Die Zugabe von Apfelfasern beeinflusste die Stärkeverkleisterung in Muffins, wie durch 
die Ergebnisse von Verkleisterungsexperimenten und In vitro-Stärkeverdauung gezeigt 
wurde. Stärkesuspensionen mit Apfel- und Weizenfasern wurden auf ihr 
Verkleisterungsverhalten  analysiert. Lösliche Ballaststoffe beeinflussten das 
Verkleisterungsprofil von Weizenstärke im Vergleich zu unlöslichen Ballaststoffen, die 
als inerter Füllstoff fungierten und nicht mit der Stärke in Wechselwirkung traten. 
Weizenteige mit Fasern wurden auf Rheologie, Textur und Mikrostruktur untersucht. 
Die Glutenentwicklung wurde durch die Fasern negativ beeinflusst, was zu weniger 
dehnbaren Teigen führte. Lösliche Ballaststoffe führten zu einer erhöhten 
Teigklebrigkeit. Weizenteig mit 10% Faser besitzt zufriedenstellenden Eigenschaften, 
während höhere Fasermengen nicht zu empfehlen sind, ohne Zusatzstoffe, um die 
Glutenfestigkeit zu erhöhen. 
Fasern aus Nebenprodukten sind geeignet als Mehlersatz in Backwaren, wobei die 
negativen Auswirkungen der hohen Wasserbindekapazität der Faser teilweise durch 
Wasseranpassung ausgeglichen werden können, insbesondere in Produkten, bei denen 
die Glutenentwicklung nicht die Produktstruktur dominiert, wie in Muffins oder Kuchen.  
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Symbols and Abbreviations 
 
Symbol Interpretation Unit 
AF apple fibre - 
AF 30 muffin recipe 30% wheat flour replaced by AF - 
AF 30 W muffin recipe 30% wheat flour replaced by AF and 
water, isoviscous with Ref 
- 
AF 67 W muffin recipe 67% wheat flour replaced by AF and 
water, isoviscous with Ref 
- 
AX arabinoxylans - 
BCP black currant pomace - 
BD breakdown [Pa·s] 
BU Brabender units [-] 
C cold paste viscosity [Pas] 
CH carbohydrates - 
d bubble diameter [mm] 
DDT dough development time [min] 
DF dietary fibre - 
DM dry matter [g 100 g-1] 
DOS degree of softening [BU] 
DS dough stability [min] 
DSC differential scanning calorimetry - 
E enthalpy [J g-1] 
f frequency [Hz] 
FLM fluorescence light microscopy - 
g acceleration due to gravity - 
G’ storage modulus [Pa] 
G’’ loss modulus [Pa] 
G* complex modulus [Pa] 
H hot paste viscosity [Pas] 
HMW high molecular weight - 
I initial viscosity [Pa·s] 
IDF insoluble dietary fibre - 
J0 instantaneous compliance [Pa
-1] 
J1 viscoelastic compliance [Pa
-1] 
Jmax maximum creep compliance [Pa
-1] 
Jsteady  steady-state compliance [Pa
-1] 
Jsteady/Jmax creep recovery [%] 
k consistency index [Pa·sn] 
LMW low molecular weight - 
n flow behaviour index [-] 
NSP non starch polysaccharides - 
P peak viscosity [Pa·s] 
PF pea fibre - 
Ref reference - 
RDS rapidly digestible starch - 
RS reducing sugars - 
RS0 reducing sugars released after 0 min digestion [g 100 g
-1 DM] 
RS20 reducing sugars released after 20 min digestion [g 100 g
-1 DM] 
RS120 reducing sugars released after 120 min digestion [g 100 g
-1 DM] 
RVA rapid visco analyser - 
SB setback [Pa·s] 
SDF soluble dietary fibre - 
SDS slowly digestible starch - 
SEM scanning electron microscopy - 
SWC swelling capacity [mL g-1] 
T temperature [°C] 
Tg gelatinisation temperature [°C] 
TOnset onset temperature [°C] 
TPeak peak temperature [°C] 
vSt rise velocity of a bubble (Stokes velocity) - 
V H20 volume of water added to reach 500 BU (based on 
300g of wheat flour) 
[mL] 
WA water absorption [mL 100 g-1] 
WBC water binding capacity [g H20 g
-1 dry fibre] 
WF wheat fibre - 
WHC water holding capacity - 
?̇? shear rate [s-1] 
 strain [-] 
ρl liquid density [g cm
-3] 
λ retardation time [s] 
η viscosity [Pa·s] 
a apparent viscosity [Pa·s] 
 steady-state viscosity [Pa·s] 
L shear stress in loading phase [Pa] 
 frequency [Hz] 
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1 Motivation 
Overweight and obesity are gaining relevance in industrial countries, especially in the 
part of the society which is susceptible to malnutrition. The increase in diet-associated 
chronic diseases has been related to factors such as inappropriate dietary patterns, 
decreased physical activity and increased tobacco use (Nishida et al., 2004), and 
overweight related malnutrition stems from a diet dense in energy, high in fat and low 
in unrefined carbohydrates. Changes of nutrition habits in developing and threshold 
countries are influenced by industrialization, economic development and market 
globalization. To promote a healthier diet, the food industry frequently focuses on the 
production of reduced fat/sugar/energy foods with a sensory quality that is 
comparable to that of conventional products. 
One possibility to reduce energy of foods is the replacement of energy-dense 
components with dietary fibre (DF). DF is resistant to digestion in the small intestine, 
but easily fermented by microbiota of the large intestine and therefore can be 
beneficial to human health. The physicochemical properties of DF contribute to 
cholesterol and fat binding, blood glucose level decrease, constipation preventing and 
facilitating good colonic health (Foschia et al., 2013). For adults, DF intake of 25 g d-1 
is recommended, whereas most commonly consumed foods are low in DF and higher 
fibre contents can be found in foods such as whole grain cereals, legumes, and dried 
fruits (Slavin, 2013). Alternative DF sources are the subject of current research and a 
prominent example of innovative DF-ingredients are by-products from fruit and 
vegetable processing. 
The manufacturing of fruits and vegetables usually results in 50 % by-product that is 
lost as waste during processing (Gómez & Martinez, 2017). In the fruit juice industry 
this by-product of insoluble ingredients that remains after juice extraction is called 
pomace. Because of the low content of nutrients and digestible energy of these 
residues, the utilization as animal feed is limited, while the high amount of 
phytochemicals, especially in the pomace of soft berry fruits, complicates composting 
because of their antimicrobial activity. On the contrary, these properties make pomace 
beneficial to human nutrition. Recycling methods that add value to fruit processing 
residues are of great interest, and it can be expected that the overall profit from fruit 
processing may be increased by an efficient and sustainable waste stream 
management.  
Pomace is composed of skins, seeds and stems of the fruits. The main compounds are 
cell wall components, like cellulose, hemicellulose, lignin and pectin. Apart from a high 
content of dietary fibre, pomace contains bioactive compounds, like polyphenols and 
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antioxidants that are not extracted with the juice. The bioactive compounds have 
health-promoting effects: a risk reduction concerning cardiovascular diseases and 
cancer through their antioxidant and antiinﬂammatory activity that, in turn, reduces 
oxidative stress, has been addressed (Chu & Liu, 2005; Mazzoni et al., 2016). 
Especially berries are rich in phenolic acids, stilbenes and ﬂavonoids, part of the latter 
namely the anthocyanins being responsible for the colour of the fruits and their high 
antioxidant capacity (Laroze et al., 2010). After processing through drying, milling and 
fractionation, the pomace powder can be applied in bakery products to replace flour, 
sugar or fat, and thus decrease the energy density of the final products (Figure 1.1).  
 
Figure 1.1: Processing chain of pomace to produce a fibre ingredient suitable for replacing flour, 
sugar or fat in bakery products. 
 
The incorporation of DF in bakery products is one possibility helping to increase the 
daily consumption of fibre. Application of DF in bakery products is often associated 
with degradation of product properties, as the baked goods get harder crumb texture, 
lose volume or change colour and aroma. Those products are unattractive for the 
consumer and DF ingredients from fruit pomace might increase the product 
acceptability through their interesting natural colour and taste.  
Although numerous studies have been published on the application of DF in bakery 
products, only a little literature is available on the influence of fruit pomace as a fibre 
ingredient. Since fibre addition is always associated with changes of dough consistency 
and batter viscosity, product characteristics are altered by the different initial 
circumstances. In this study, the influence of fibre on batter and dough rheology has 
been balanced by water addition. Therefore influences of DF those derive from other 
interactions than dough consistency and batter viscosity become visible. 
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2 Introduction 
Fibre from sources other than wheat can be added to cereal-based baked or extruded 
product formulations to confer particular nutritional or sensory properties. The fibre 
may come from many sources including barley, oats, rice, soy, sugar beet, and pea 
(Cauvain & Young, 2007; Figuerola et al., 2005). Their chemical and physical 
properties have some similarities with those of wheat fibre, and they all tend to have 
high water-absorption capacities so that additional water is required in the 
formulations in which they are applied. Another important source of fibre can be fruit 
pomace, as an alternative to its traditional use as for example animal feed or in 
composting (Rohm et al., 2015). When using fruit pomace fibre in cereal-baked 
product formulations, it is important to consider that it contains a high amount of 
soluble dietary fibre (SDF); whereas, in cereal fibre, the fraction of insoluble dietary 
fibre (IDF) is higher (Sudha, 2011). Moreover, fruit dietary fibre (DF) concentrates 
generally exhibit a better nutritional quality than those from cereals because of the 
presence of significant amounts of associated bioactive compounds (flavonoids, 
carotenoids, etc.) and their balanced composition (higher fibre content, IDF:SDF ratio, 
water and oil binding capacity, lower energy, and phytic acid content) (Saura-Calixto, 
1998).  
2.1 Components of wheat flour and their functionality 
Wheat is the most important cereal in breadmaking and basis of several sweet and 
savoury baked goods. Wheat flour consists of starch (ca. 70 – 75 %), water 
(ca. 14 %), proteins (ca. 10 – 12 %), non-starch polysaccharides (2 – 3 %) and lipids 
(ca. 2 %) (Goesaert et al., 2005). The composition of wheat flour has the most 
significant influence on dough properties (Cauvain & Young, 2006). 
2.1.1 Starch  
Starch is the most important reserve polysaccharide in plants, where glucose is stored 
in semi-crystalline granules inside specific cell organelles, the amyloplasts. The 
granule is formed by apposition of material, in which the thickness of the layer 
deposited on the outside depends on the amount of carbohydrate available (Hoseney, 
1986). The monomer consists of glucose molecules which are bound to form the two 
main molecules of starch: amylose (25 - 28 % of starch) and amylopectin (72 – 75 % 
of starch). Amylose is a linear, helical molecule which consists of α-(1,4)-linked D-
glucopyranosyl units with a degree of polymerisation between 500 and 6000 glucose 
residues. Amylopectin, on the other hand, is a branched molecule, where chains of α-
(1,4)-linked D-glucopyranosyl units are interrupted by α-(1,6)-linked branch points 
every 20 to 25 linear chain residues. The degree of polymerisation ranges from 3x105 
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to 3x106 glucose units (Goesaert et al., 2005; Parker & Ring, 2001). Both molecule 
varieties are arranged in the starch granule in alternating amorphous and semi-
crystalline growth rings around a hilum, where the amylopectin is responsible for the 
degree of crystallinity (20 to 40 % in native starches) (Buléon et al., 1998). The outer 
chains of amylopectin molecules intertwine and form double helices, which associate in 
ordered clusters (Figure 2.1) (French, 1972). Under polarising light, a dark 
birefringence cross (‘Maltese cross’) can be observed on native starch granules. This 
results from the crystalline structure where the index of refraction varies depending on 
the direction that light travels through the substance (Tester et al., 2004). 
The structure of the starch molecules and the arrangement in semi-crystalline 
granules results in unique properties which influence the functionality in the presence 
of water. Surrounded by a sufficient amount of water, starch granules absorb up to 
50 % of their dry weight of water at room temperature. Starch granule swelling is a 
reversible process, where crystalline structures prevent full penetration of water which 
makes the native starch granule not soluble in cold water. When a starch suspension 
is heated above a characteristic temperature (gelatinisation temperature Tg, 55 – 
75°C), the crystalline order of the starch granule is irreversibly destructed, amylose 
leaches out of the granule and is solubilised. Both amylopectin and amylose are 
hydrated and the crystallites melt. This process is called gelatinisation and the 
endothermic transitions occurring during the structural changes can be monitored by 
differential scanning calorimetry (DSC). Without mechanical stress and a temperature 
below 100°C the swollen granules, which contain mostly amylopectin now, maintain 
their integrity. Gelatinisation is always associated with increasing viscosity of the 
starch suspension due to swelling and distortion of the granules and leaching of 
amylose which result in the formation of a starch paste (Goesaert et al., 2005; Parker 
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& Ring, 2001). The viscosity of the starch paste increases to a maximum when most 
of the starch granules are swollen but still intact in their granule form. The maximum 
is followed by a decrease in viscosity due to the rupture of starch granules and the 
dispersion of starch molecules in the aqueous phase. The degrees of swelling and 
breakdown are influenced by the type and amount of starch, temperature, shear force 
and the presence of lipids or proteins in the dispersion media (Copeland et al., 2009).  
Upon cooling of the starch paste to room temperature, the molecules form a three 
dimensional network and return to a crystalline state, a process which is known as 
retrogradation (Goesaert et al., 2005; Parker & Ring, 2001). The gelatinised starch 
granules which are rich in amylopectin are embedded in a continuous amylose matrix 
that results from the formation of double helices between adjacent amylose molecules 
through formation of hydrogen bonds among hydroxyl groups. The resulting elastic 
starch gel increases in firmness during storage over several weeks: an effect that 
causes changes in the texture of starch-containing foods, e.g. staling of bakery 
products (Miles et al., 1985). This retrogradation of a starch paste depends on 
amylopectin chain length, temperature, pH, presence of salts, sugars and lipids 
(Goesaert et al., 2005; Parker & Ring, 2001). Aging of starch gels results in the 
separation of water, a process that is known as syneresis and promoted by low 
temperature. Therefore the syneresis is an important parameter regarding frozen food 
(Chinachoti, 1995). 
2.1.2 Wheat proteins 
Wheat proteins can be classified by their solubility in the following solvents: water 
(albumin), dilute salt solution (globulin), diluted ethanol (gliadin), dilute acid or alkali 
(glutenin) and an unextractable residue (Osborne, 1924). The ‘Osborne fractionation’ 
is still often used to separate wheat proteins but does not provide a clear 
differentiation in protein biochemistry and functionality. Therefore, nowadays it is 
more common to classify wheat proteins in storage proteins, structural and metabolic 
proteins, and protective proteins (Shewry & Halford, 2002). Based on their 
functionality non-gluten and gluten proteins are distinguished, where the gluten 
proteins belong to the prolamin class of seed storage proteins (Goesaert et al., 2005). 
The non-gluten proteins occur in the outer layers of the wheat grain (15 to 20 % of 
total wheat protein) and are composed of albumins and globulins. They play a minor 
functional role during breadmaking whereas the gluten protein are very important for 
dough elasticity and structure (Goesaert et al., 2005). The wheat grain prolamins 
(gluten proteins) can be divided in three groups: sulphur-rich (S-rich), sulphur-poor 
(S-poor) and high molecular weight (HMW) prolamins (Shewry & Halford, 2002). In 
Table 2.1 the classification of wheat prolamins is depicted with B-type subunits of 
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glutenin constituting a discrete group of prolamins, C-type low molecular weight 
(LMW) subunits representing polymeric forms of α- and γ-gliadins and D-type LMW 
subunits being polymeric ω-gliadins. 
Table 2.1: Types of wheat grain prolamins (gluten proteins); HMW – high molecular weight, LMW 
– low molecular weight (Shewry & Halford, 2002). 
Components Mr (% total) 
Polymers or 
monomers 
HMW prolamins   
    HMW subunits of glutenins 65 – 90000 (6-10 %) Polymers 
S-rich prolamins   
    γ-gliadins 
30 – 45000 (70-80 %) 
Monomers 
    α-gliadins Monomers 
    B- and C-type LMW subunits of glutenin Polymers 
S-poor prolamins   
    ω-gliadins 
30 – 75000 (10-20 %) 
Monomers 
    D-type LMW subunits of glutenin Polymers 
 
The HMW subunits of glutenin contribute to a great extent to gluten elasticity in 
breadmaking. The spiral structure of HMW subunits and the number and distribution of 
cysteine residues available to form intermolecular crosslinks contribute to the elastic 
properties of glutenin. A low degree of crosslinking will result in high extensibility but 
a high crosslinking degree will lead to more rubber-like properties (Shewry et al., 
1992). The ‘elastic backbone’ consists of large polymers which form the basis for LMW 
subunits branches linked by disulphide bonds (Shewry et al., 2000). A difference 
between HMW glutenins and other elastic proteins (elastin or resilin) is that glutenins 
are crosslinked by disulphide bonds, whereas other elastic proteins have covalent 
crosslinks. The viscoelasticity of gluten results from the ability of this disulphide bonds 
to exchange and even shear under stress (Shewry et al., 1992). A contribution to 
gluten viscosity derives from the interaction of gliadins with glutenin polymers by non-
covalent forces (Shewry et al., 2000). The high level of glutamine in the gluten 
proteins causes a high capacity to form inter- and intra-molecular hydrogen bonds and 
contribute to dough elasticity (Belton, 1999). Gliadins form inter-chain disulphide 
bonds, whereas glutenin subunits are able to form intra- and inter-chain disulphide 
bonds. The disulphide bonding properties influence the association of subunits within 
the glutenin macropolymer and consequently the gluten structure and function 
(Lindsay & Skerritt, 1999).  
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2.1.3 Non-starch polysaccharides (NSP) 
Wheat flour contains 2 – 3 % cell wall material, which consists mainly of non-starch 
polysaccharides that include arabinoxylans (AX), β-glucan, cellulose, hemicellulose 
and arabinogalactan-peptides (Goesaert et al., 2005; Gruppen et al., 1993). NSP 
cannot be hydrolysed by mammalian α-amylase; additionally cellulose, hemicellulose 
and lignin are recognized as dietary fibre (Englyst et al., 1983). Arabinoxylans are 
located in the wheat endosperm cell walls and account for 85 % of the occurring 
polysaccharides (75 % of dry weight of cell wall are NSP), with the remaining 15 % 
consisting of equal amounts of β-glucan and β-glucomannan (Mares & Stone, 1973). 
The specific structure of AX results in the capacity to affect properties of dough and 
the final bakery product. According to their extractability AX can be classified in the 
following groups: water extractable (25 – 30 % of AX) and water-unextractable AX, 
which can be further separated by treatment with alkali (alkali-solubilised AX) or 
endoxylanase (enzyme-solubilised AX) (Courtin & Delcour, 2002). The ratio of 
arabinose to xylose (A/X) in the AX influences its water solubility: removal of 
arabinose residues lowered the solubility of AX (Andrewartha et al., 1979). AX can 
form crosslinks and eventually gel under oxidising conditions. When dissolved in 
water, water-extractable and alkali solubilised AX form highly viscous solutions. This 
increase in solution viscosity is determined by AX chain length, A/X ratio and 
substitution pattern which consequently influence the hydrodynamic volume of AX 
(Andrewartha et al., 1979). AX has a high water holding capacity. In farinograph 
experiments, dough with added water-extractable and water-unextractable AX has 
been reported to increase water absorption of the dough by two to ten times their 
weight in water (Kim & D’Appolonia, 1977).  
2.1.4 Lipids 
Wheat flour contains approximately 2.0 – 2.5 % polar and non-polar lipids. Polar lipids 
make up 70 to 75 % of total wheat flour lipids and are located in the starchy 
endosperm as bilayer cell membrane lipids from amyloplast and other membranes. 
Non-polar lipids are present in the germ and aleurone tissue of the wheat kernel 
(Pareyt et al., 2011). According to their extractability, wheat lipids can be classified in 
free, bound and starch-internal lipids. Free lipids are extracted with non-polar solvents 
like petroleum ether or hexane and bound lipids and starch-internal lipids are 
extracted with more polar solvents like water-saturated butan-1-ol (Chung et al., 
1980; Hoseney et al., 1969).  
Even though the content of lipids is small, they contribute significant to flour quality 
and bread volume, at which their composition, extractability and overall content play a 
major role (Pareyt et al., 2011). Polar lipids were reported to increase loaf volume, 
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whereas non-polar lipids had a decreasing effect (MacRitchie, 1983). During mixing ca. 
70 % of total flour lipids get bound or trapped within the gluten fraction. Glycolipids 
are associated with glutenins through both hydrophobic interactions and hydrogen 
bonds, whereas phospholipids interact mainly with gliadins and lipid binding proteins 
(McCann et al., 2009). The binding of free lipids with gluten proteins may lead to the 
ability to align at the interface of gas cells during dough mixing and thus increase gas 
cell stability during breadmaking (Pareyt et al., 2011). Wheat non-polar lipids have 
been recognized to destabilise gas cells and decrease bread volume (Sroan & 
MacRitchie, 2009). Wheat flour lipids can form complexes with amylose which might 
have a softening effect on bread crumb (Pareyt et al., 2011). Generally, a high level of 
free polar lipids indicates wheat flour with excellent bread making quality (MacRitchie, 
1977).  
 
2.2 Wheat dough structure and dough development 
The processing of bread is divided in three basic operations: mixing or dough 
formation, fermentation and baking (Hoseney, 1986). Traditional wheat dough for 
breadmaking consists of the main ingredients flour, yeast, salt and water. Other 
ingredients, like fat, sugar, milk, oxidants, surfactants and enzymes are sometimes 
added to facilitate processing and improve the finished product, but they are not 
essential for breadmaking (Courtin & Delcour, 2002; Hoseney, 1986). The input of 
mechanical energy in form of kneading develops the ingredients into a dough system 
with specific system morphology, rheological and physical properties. The system 
development depends on time and temperature. Additionally, the constituents of 
wheat flour determine the processibility and the quality of the final bakery products 
(Goesaert et al., 2005). 
In the first mixing phase, wheat flour is hydrated and gluten proteins are transformed 
into a continuous cohesive viscoelastic gluten protein network (Goesaert et al., 2005). 
Through the hydration of starch and protein with free water, the resistance of the 
dough to extension increases progressively (Hoseney, 1986). During kneading and 
increasing input of mechanical energy, the number of links between the protein 
network increases and a sufficiently linked network can take up the kneading energy 
and extend elastically. The kneading resistance increases through the resistance 
towards extension during the elongation of the strands (Amend & Belitz, 1991). Gluten 
consists of fibrillary (strands) and lamellar (sheets) elements. Protein sheets are 
considered the main component that determines the rheological properties of dough 
during fermentation since their relaxation in stress relaxation experiments was 
delayed, whereas the gluten strands relaxed within seconds (Amend & Belitz, 1990). 
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During dough mixing glutenin subunits are susceptible to cleavage from the glutenin 
macropolymer. With the breakdown of aggregates oligomers and dimers are released 
(Lindsay & Skerritt, 1999).  
During kneading air is incorporated into dough to affect volume and pore structure. 
Incorporation of air depends on dough viscosity, kneading process and variety, and 
level of surface active substances (Ternes, 1990). Additionally, retention of gas 
generated during fermentation in the foam structure results from a positive net 
balance between gas production and gas loss to the atmosphere. In this process the 
wheat component most responsible for slowing down the rate of diffusion of carbon 
dioxide out of the dough is the viscoelastic gluten film. Wheat gluten is able to expand 
with the growth of gas bubbles during rising without rupture when pressure inside the 
bubbles increases (Pareyt et al., 2011). In the case that rupture does occur, the gas 
retention is decreased and gas bubbles coalesce (Courtin & Delcour, 2002). Gas 
entrainment capacity of dough is influenced by water absorption, gluten content and 
their joint effect on the development of a visco-elastic gluten network (Koksel & 
Scanlon, 2012). 
The semi-crystalline native starch granules that are dispersed within the dough matrix 
are able to absorb up to 46 % water (Pareyt et al., 2011). Some studies describe the 
role of starch in dough as inert filler in the continuous protein matrix, whereas others 
suggest a bicontinuous network of starch and protein (Goesaert et al., 2005).  
During dough mixing the non-starch lipids bind to gluten or the starch granule surface, 
which reduces their extractability. The binding of polar and neutral lipids to gluten 
supports the development of gluten sheets, increasing gas retention capacity. 
Aggregation of lipids to liposomes with a diameter over 100 µm acts as lubricant on 
gluten and promotes its extensibility (Goesaert et al., 2005; Ternes, 1990). 
Water-extractable arabinoxylan is known to increase the viscosity of solutions which 
also becomes relevant in dough, since they increase the viscosity of the aqueous 
phase and therefore increase the stability of the dough foam structure. This structure 
stabilisation may also contribute during baking with increasing temperature and thus 
increasing pressure inside the gas bubbles. In consequence, oven rise can be 
prolonged and early coalescence can be prevented, resulting in higher loaf volume and 
finer homogenous bread crumb (Courtin & Delcour, 2002). Water-unextractable 
arabinoxylans on the other hand, can destabilize the dough structure through 
formation of physical barriers for gluten network development and intrusion of gas 
cells during fermentation. Additionally their great water absorption capacity hinders 
gluten hydration and thus film formation. The lower stability of dough foam results in 
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reduced oven rise, hence lower loaf volume with coarser crumb (Courtin & Delcour, 
2002). 
The macroscopic changes during dough mixing can be observed with kneading 
experiments, which allow the analysis of some empirical parameters, like the time 
required to attain a maximum mixing torque, the value of the maximum torque and 
the decay trend after the maximum (Schiraldi & Fessas, 2012). Optimally mixed 
dough is dough that has been mixed to the maximum torque and where hydration of 
protein and starch is completed. Continued mixing after the maximum produces wet, 
sticky dough that is broken down and shear thinning behaviour occurs (Hoseney, 
1986). The dough is further physically characterised by the parameters resistance to 
deformation, extensibility, elasticity and stickiness (Cauvain, 2015). 
 
2.3 Wheat flour based batter 
Wheat flour based batter is the basis for numerous soft and sweet bakery products, 
like pound cake, layer cake, angel food cake, sponge cake, chiffon cake and muffins 
(Conforti, 2006). They all consist of the main ingredients flour, sugar, eggs, fat or oil 
and leavening agents. The products are sweet and relatively dense, have a tender 
crumb and their final moisture content ranges between 18 and 28 % (Wilderjans et 
al., 2013). According to Conforti (2006) cakes can be classified based on combination 
of formulations and production method in batter, foam and chiffon types. The batter 
type cake is prepared with a single or multi-stage mixing method. In the creaming 
method (multi-stage mixing method), fat and sugar are first creamed together to form 
a light foam and flour is added at the end of the mixing procedure. Foam type cake on 
the other hand is mixed in two steps. Firstly egg and sugar are whipped into thick 
foam and secondly flour is folded in. In the chiffon type cake, a batter containing flour, 
egg yolk, oil and water is folded into egg white foam (Lai & Lin, 2006; Wilderjans et 
al., 2013). Muffin batter can be classified as batter type with preparation in two steps, 
where first oil, egg and sugar are creamed together and then mixed with the dry 
ingredients (wheat flour, milk powder, leavening agent, salt). Since muffin batter will 
be the main concern of the experimental part of the thesis, the description of 
ingredient functionality is focussed on that type of batter. 
Mixing of muffin batter pursues three main objectives: the combination of all 
ingredients into a smooth, uniform batter, the formation of a stable emulsion between 
fat and water, and the incorporation of a large number of gas cells into the batter 
(Conforti, 2006). In the first creaming step, air is incorporated in fat and sugar is 
dissolved. With the addition of flour, a multiphase structure develops, where sugar 
and egg protein are present in the aqueous phase with suspended flour particles, and 
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immobile gas cells are entrapped in the fat phase (Wilderjans et al., 2013). Therefore, 
batter can be viewed as a complex emulsion and foam system (Sahi, 2008). During 
mixing the flour particles become hydrated and water absorption takes place, which 
influences the batter viscosity. A full development of gluten into a continuous 
viscoelastic film, as described in chapter 2.2, does not take place. Gluten is less 
concentrated than in bread dough due to the addition of numerous ingredients. 
Additionally the lower viscosity of batter compared to bread dough leads to less 
friction and less energy is exerted on gluten during the short mixing procedure 
(Wilderjans et al., 2013). 
The porous structure and high volume characteristic for muffins will be obtained from 
a stable batter that has the ability to retain many tiny air bubbles. Leavening of the 
product during baking is realized by the incorporation of air during mixing and the 
application of a chemical leavening agent that produces CO2 in contact with liquid and 
heat. Baking powder consists of sodium bicarbonate, an acidifier (often monocalcium 
phosphate or tartaric acid) and an inert filler, like corn starch (Conforti, 2006). 
Bubbles are incorporated during mixing into the batter and act as nuclei for bubble 
growth when carbon dioxide generated by baking powder and developing water 
vapour leaven the product during baking (Baixauli et al., 2008). When the number of 
bubble nuclei in the batter is small, the cells will be large and the product open-
grained. On the other hand, if there are a large number of nuclei for inflation, the 
individual cells will be small and the grain will be fine or close. The rising velocity of a 
bubble is proportional to the bubble radius and inversely proportional to the viscosity 
of the surrounding liquid. When bubbles rise rapidly in batters, loss of volume and 
layering (gradient in cake grain from close at the bottom to open at the top) are 
possible consequences (Randleman et al., 1961). Batter foam is stabilized by egg 
white and milk proteins, which reduce the coalescence of air bubbles (Baixauli et al., 
2008). The air incorporated during mixing has been shown to increase to a certain 
point, where prolonged mixing would result in de-aeration of the batter caused by 
structure changes in the bubble stabilizing protein films (Pateras et al., 1994). In 
consequence, product strength, texture, volume, shape and grain are determined by 
size distribution, inflation, movement, film permeability and stability of bubbles, along 
mechanical properties during setting of batter (Randleman et al., 1961).  
In batter emulsion, fat particles have to be broken down and distributed 
homogenously in the phase. Emulsions in general are thermodynamically unstable and 
without stabilisation, separation of the dispersed and the continuous phase will occur. 
Surface-active lipoproteins in egg yolk can lower the interfacial tension at oil-water 
interfaces and thus contribute to emulsion stabilisation (Sahi, 2008; Wilderjans et al., 
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2013). Fat functionality is highly versatile in baked products: it not only helps with 
incorporation of air bubbles into cake batter during mixing, it also contributes to 
emulsification. Fat further helps to leaven the product (Matsakidou, et al., 2010) and 
holds considerable amounts of liquid to increase and extend cake softness, and 
“shortens”, which interrupts the protein particles to break gluten continuity to 
tenderize the crumb (Baixauli et al., 2008; Bennion & Bamford, 1997). Furthermore, 
the polar lipids stabilize the gas bubbles, thanks to their surface-active properties; 
they fill gaps in proteinaceous films and consequently prevent release of gas (Sikorski 
& Sikorski-Wisniewska, 2006). Air bubbles that are enclosed in the fat phase are 
released in the aqueous phase when fat melts during temperature rise (Bell et al., 
1975). In reduced fat content products, the stability of air bubbles in the batter is 
lowered, which is why they tend to coalesce and disappear giving harder cakes. 
Therefore, a prerequisite of fat replacers based on dietary fibre is that these are low in 
energy but sufficiently mimic technofunctional properties of fat (Zahn et al., 2010). 
Other proteins deriving from wheat flour or milk powder can also have emulsifying 
properties, depending on their solubility. In order to be surface-active, proteins have 
to be soluble in the aqueous phase. Protein molecules can attach and unfold at the 
interface, where hydrogen bonds between polypeptide chains can lead to the 
formation of a thick, viscoelastic layer which enhances the ability of the interfacial 
region to absorb fluctuations and prevent breakage (Sahi, 2008). 
Sucrose contributes to sponge cake characteristics by providing energy, sweetness, 
aroma and crust colour formation via caramelization, but also influences many 
technical and functional aspects. Sucrose raises starch gelatinisation temperature and 
egg protein denaturation temperature, causing a tenderizing effect on the final 
product texture (Struck et al., 2014). Sucrose has hygroscopic properties and 
competes with starch and gluten proteins for available water in the batter. This can 
result in less hydrated gluten, followed by reduction of gluten development in the 
batter (Conforti, 2006; Wilderjans et al., 2013). It also contributes to volume, as well 
as to humidification, which is linked to the sensory perception of a moist mouthfeel 
and tenderness. Sugar furthermore assists the formation of crystalline agglomerations 
of fat, thus improving air entrapment and air bubble stability during baking, giving rise 
to a more porous and spongy product.  
 
2.4 Temperature-induced transformations during baking 
The final characteristic texture and sensory properties of bakery products originate 
from the temperature-induced transformations of dough and batter during baking. 
Inside the oven, heat is transmitted by radiation, convection and conduction at oven 
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temperatures between 175 and 220°C. The surface of the dough or batter is exposed 
directly to the oven heat and reaches temperatures of 150°C after a short baking 
time. The interior of the product is heated more slowly and the temperature of the 
crumb never exceeds 100°C, and the maximum temperature in the centre of the 
product is not reached until the end of the bake (Chang, 2006). 
Bread dough expands further in size during the first minutes in the oven, a process 
called oven-spring. The expansion results from increased gas volume through heating, 
less solubility of carbon dioxide at higher temperatures, continued yeast action, and 
vaporisation of ethanol and water (Hoseney, 1986). Crust formation is induced by 
drying of the surface and accompanied by colour changes because of Maillard 
reactions and caramelisation. In the course of temperature impact the crumb is baked 
from the outside to the inside. Starch granules swell and gelatinise, in which they keep 
their granular structure to a great extent (Delcour & Hoseney, 2010). The high 
temperatures during bread baking induce association of gluten polymers by 
hydrophobic interactions and disulphide bounds resulting in the transformation of 
gluten into a continuous, permanent network (Rouillé et al., 2010). Gluten experiences 
structured flow before crosslinking in dependence of moisture content and 
temperature. For moisture contents of 30 - 40 % the onset temperature for 
networking of gluten was determined as 93°C (Toufeili et al., 2002). During baking, 
the gas cells open and the baked good becomes gas-continuous, one of the reasons 
why the product does not collapse when the carbon dioxide is lost during baking or 
cooling (Delcour & Hoseney, 2010).  
During baking of batter starch gelatinization and protein denaturation are responsible 
for structure setting. The temperature for the changes of wheat macromolecules 
(starch gelatinisation, protein coagulation) is increased in the presence of sucrose, 
which gives the product time to rise in the oven (Baixauli et al., 2008). The delay of 
starch gelatinisation in the presence of sucrose is caused by reduced water availability 
for the starch granule, lower water activity, formation of sugar bridges between starch 
chains and an antiplasticising effect of sucrose (Kim & Walker, 1992). It has been 
found that optimal cake volume could be achieved by simultaneous occurrence of 
starch gelatinisation and egg protein denaturation (Donovan, 1977). Therefore the 
structure setting of cake in the oven can be controlled by sugar concentration (Kim & 
Walker, 1992). Additionally the degree of starch gelatinisation is influenced by the 
availability of water within the product, which is supported by the observation that 
starch granules in the crust are not gelatinised because of water evaporation on the 
surface (Wilderjans et al., 2010). Even though the gluten development is not as 
pronounced as in bread dough, the interactions of gluten protein during baking are 
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important for muffin structure (Wilderjans et al., 2008). Aside from wheat proteins, 
egg proteins are also susceptible to crosslinking when denaturation occurs during 
baking. In the final crumb structure, egg protein strands act as binding agent between 
dispersed starch granules (Wilderjans et al., 2013).  
Resistant starch is formed in bakery products when gelatinised starch is cooled, by the 
formation of intermolecular hydrogen bonds which reduce the solubility of starch. 
Resistant starch content was higher in the crumb than in the crust which indicates the 
partly dextrinization of starch by the high temperature affecting the crust (Englyst et 
al., 1983). 
 
2.5 Dietary fibre from fruit by-products 
The processing of fruits and vegetables generally results in 50 % target product and 
50 % by-product. Pomace is the main by-product of the fruit juice processing industry 
and constitutes 25 % of the volume of processed raw material. It has been reported 
that 12 % of the volume of that pomace in Poland is transported to landfills and lost 
for the food chain where it could serve as a healthy food ingredient or as raw material 
for the extraction of nutritional compounds (e.g. dietary fibre, polyphenols, lipids) 
(Nawirska & Kwaśniewska, 2005). The production of apple juice in 2016 in Germany 
amounted to 794.17 Mio L (http://statista.com), which results in several thousand 
tons of pomace as by-product. The disposal of these agro-industrial by-products as 
waste causes environmental pollution and is an important loss of biomass that could 
be the raw material for the production of high value products (Dhillon et al., 2013). In 
the case of apple pomace, the recovery of apple pectin is one possibility to valorise 
this by-product that has made it to practical application. Because fruit pomace has a 
moisture content of approximately 50 % and since it contains various digestible 
nutrients, it is highly prone to microbial spoilage. Consequently, an initial processing 
of pomace is necessary to ensure a satisfactory shelf life. Usually applied treatments 
comprise drying, but also milling and conditioning. To obtain pomace powders with a 
high amount of bioactive compounds, it is important to adjust processing conditions 
during drying (e.g. drying method, drying time and temperature) since especially the 
anthocyanins are easily degraded (Skrede et al., 2000). 
2.5.1 Pomace as source of dietary fibre and bioactive compounds 
The residues from fruit juice processing contain high amounts of dietary fibre and 
bioactive compounds. Dietary fibres are plant cell wall, complex polysaccharides, 
mainly cellulose, hemicellulose and pectic substances that are resistant to pancreatic 
amylase (Cummings & Englyst, 1991). Bioactive compounds have health promoting 
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effects: a risk reduction concerning cardiovascular diseases and cancer through their 
antioxidant and anti-inflammatory activity that, in turn, reduces oxidative stress, has 
been addressed (Chu & Liu, 2005; Mazzoni et al., 2016). Fruits, especially berries are 
rich in phenolic acids, stilbenes and flavonoids, part of the latter namely the 
anthocyanins being responsible for the colour of the fruits and their high antioxidant 
capacity (Laroze et al., 2010). Khanal et al. (2009) pointed out that 25 – 50 % of the 
procyanidins of fresh blueberries remain in the pomace after juice extraction, which 
indicates a loss of valuable nutritional compounds when pomace leaves the food chain. 
Additionally, many phenolic compounds located in the skins and seeds of the berries 
are retained in the pomace (White et al., 2010).  
Pomaces deriving from different fruit varieties have been suggested as possible source 
for dietary fibre. For instance, apple pomace has a well-balanced proportion of soluble 
and insoluble dietary fibre and contains bioactive compounds, like polyphenols, 
flavonoids and carotenes (Sudha, 2011). Depending on apple variety, dietary fibre 
content in apple pomace varies from 35.5 g 100 g-1 DM in Golden Delicious to as high 
as 89.9 g 100 g-1 DM in Liberty (Figuerola et al., 2005; Sudha, 2011). 
By-products from orange juice production also have a high potential as food 
ingredient, since they are rich in pectin which is a food additive of interest because of 
its specific gelling properties (Grigelmo-Miguel & Martı́n-Belloso, 1999). Some orange 
varieties such as Valencia have substantial dietary fibre contents (64.3 g 100 g-1 DM; 
Figuerola et al., 2005), while others have lower contents, like Navel, Salustiana and 
Valencia Late (35.4 – 36.9 g 100 g-1 DM; Grigelmo-Miguel & Martı́n-Belloso, 1999).  
Grape pomace fibre is a rich source of bioactive compounds, such as phenolic 
compounds and fatty acids. The fibre composition of grape pomace may be influenced 
by variety, culture characteristics and wine-processing procedures (Iora et al., 2015). 
Usual ranges of DF in grape pomace are 50 to 75 g 100 g-1 DM (Saura-Calixto, 1998).  
Additionally, pomaces of peach (Grigelmo-Miguel & Martı́n-Belloso, 1999), plum (Milala 
et al., 2013), grapefruit (Wang et al., 2015), guava (Matias et al., 2005), kiwi and 
pear (Martin-Cabrejas et al., 1995) have been the subject of scientific studies. 
2.5.2 Role of dietary fibre in the human nutrition 
Dietary fibres (DF) are plant polysaccharides that are not hydrolysed in the small 
intestine of humans, but nevertheless are known to have several health benefits. A 
protective effect of dietary fibre against diseases predominant in Western developed 
countries is well known, e.g. colorectal cancer, coronary heart disease, obesity and 
diverticular disease. Fibre consumption has been associated with lowering total serum 
cholesterol and LDL cholesterol, and modifying glycaemic and insulinaemic responses 
(Blackwood et al., 2000). According to their physical, functional and chemical 
28 Introduction 
 
properties, dietary fibre can be classified into soluble (SDF) and insoluble (IDF) dietary 
fibre. SDF, like pectins, gums, inulin-type fructans and some hemicelluloses, form 
viscous gels in water and can be fermented by microbiota in the large intestine. IDF 
include lignin, cellulose and some hemicelluloses (Lattimer & Haub, 2010).  
Physicochemical properties of dietary fibre are connected with their effect on 
gastrointestinal function. These include viscosity, water-holding capacity, bulk, gel 
formation, binding of organic molecules and fermentation. An increase of viscosity in 
the gastrointestinal tract through dietary fibre consumption prolongs gastric emptying 
and slows transit through the small intestine (Schneeman, 2001). Dietary fibres have 
the ability to retain water due to their hydrophilic nature. Therefore, stool bulking is 
increased and subsequently volume of the aqueous phase of intestinal contents. This 
will lower the concentration of nutrients in the aqueous phase and slow down their 
absorption (Blackwood et al., 2000; Schneeman, 2001). Binding of bile acids by DF is 
the proposed mechanism for their hypocholesteraemic effect (Blackwood et al., 2000).  
Concerning the effect on the carbohydrate metabolism, dietary fibre affects the rate 
and extent of starch degradation and the rate of glucose absorption. The effect of 
dietary fibre in that context might result from the alteration of viscosity in the small 
intestine and thus reduction of accessibility of starch granules to amylase enzymes 
(Brennan, 2005). In vitro methods help to study the gastro-intestinal behaviour of 
foods in simulated digestion experiments that include the oral, gastric and small 
intestinal phases. In that the influence of dietary fibre on the predicted glycaemic 
index of foods can be analysed (Minekus et al., 2014). 
The recommended fibre intake for adults is 25 g d-1 for a 2000 calorie diet, whereas 
the average dietary fibre intake varied from 16 to 29 g per day for adults in EU 
countries (EFSA, 2010). Foods most commonly consumed are low in dietary fibre; 
higher fibre contents are prominent in foods like whole grain cereals, legumes and 
dried fruits (Slavin, 2013). In this context, the addition of processed fruit pomace to 
food formulations seems promising to aid increasing the dietary fibre content of foods 
and thus provide additional health benefits (Rohm et al., 2015). 
2.5.3 Hydration properties of dietary fibre 
The water binding capacity of dietary fibre is a considerable factor for food application 
because it impacts the physiological functionality of the food, as well as the product 
yield, ingredient functionality and the shelf life of processed foods. Therefore the 
nutritional and the economic standpoint have to be considered with fibre application 
(Chen et al., 1984; Rosell et al., 2009). Regarding physiological functionality, water 
binding capacity can be used to predict the ability of fibre to increase stool weight and 
the induction of colonic fermentation (Auffret et al., 1994; Robertson & Eastwood, 
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1981). In the literature, hydration properties are characterized by 3 main parameters: 
water binding capacity (WBC), water holding capacity (WHC) and swelling capacity 
(SWC). WBC is determined under the application of an external stress (centrifugation, 
compression, suction pressure), whereas WHC is defined as the water uptake at a 
given external chemical potential of water without the application of stress (sorption 
isotherms, Baumann apparatus, freezing point method). SWC is defined as the volume 
occupied by hydrated fibre (Auffret et al., 1994). 
Water in the food matrix can be held due to surface tension in capillaries or through 
hydrogen bonding with food molecules. Therefore the food matrix and the 
physicochemical properties of the fibre will strongly influence the WBC (Chen et al., 
1984). Additionally, differences in WBC among varying fibre sources are more 
influenced by fibre structure (shape) than by chemical composition (López et al., 
1996; Robertson & Eastwood, 1981; Rosell et al., 2009). Fibres with high content of 
primary cell walls with pectin and a loose network of polysaccharides have higher 
hydrophilic and elastic properties, e.g. sugar-beet or citrus fibre. Contrary, fibre with 
high content of secondary cell walls are rich in crystalline cellulose and have poor 
hygroscopic properties due to rigid structure, e.g. wheat bran and pea hulls (Auffret et 
al., 1994).  
The method of preparation of the fibre also plays a dominant role, e.g. fibre dried 
under more severe conditions are known to have lower WBC. Pre-treatment of fruit 
by-products, like washing with hot and cold water, has been shown to increase the 
hydration properties of processed powders from persimmon peels (Akter et al., 2010). 
The fibre structure and consequently the hydration properties can be altered by the 
following treatments: cooking (Arrigoni et al., 1986), autoclaving (Guillon et al., 
1992), extrusion cooking (Ralet et al., 1990), high hydrostatic pressure (Tejada-
Ortigoza et al., 2017), drying (Renard & Thibault, 1991), microwave assisted drying 
(Talens et al., 2017), vacuum drying (Šoronja-Simović et al., 2016) and chemical 
application (Bertin et al., 1988).  
Also physical properties, like particle size have an influence. SWC and WBC of fibres 
decreased with decreasing particle size. Grinding collapsed the matrix and reduced the 
spaces available for free water. Therefore not only the reduced particle size causes the 
negative effects on hydration properties but also changes in the physical structure of 
the matrix are significant (Auffret et al., 1994). The influence of particle size on WHC 
is not that strict, since another effect, next to the matrix collapse, could become 
prominent. Fibres with high content of microcrystalline cellulose are more resistant 
and grinding would lead to an increase in the total pore volume accessible to water 
and subsequently increase the water uptake (Auffret et al., 1994; López et al., 1996). 
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For coconut residue fibre, the particle size with maximum hydration properties was 
found to be 550 µm; smaller or larger particle sizes reduced the hydration properties 
(Raghavendra et al., 2004). Since the steps on the way to produce powder from fruit 
residues have an influence on the hydration properties, it is emphasized to consider 
the processing history during the selection of fibre sources for diet therapy (Robertson 
et al., 2000). 
The chemical composition, mainly the fat content, affects hydration properties. WBC, 
WHC and SWC increased with decreasing fat content in fibre from coconut residues 
(Raghavendra et al., 2004). The ionic strength of the solubilisation medium influences 
the hydration properties as well; SWC and WBC decreased with higher ionic strength 
(López et al., 1996). 
2.5.4 Processing of pomace 
General steps of pomace processing for the production of a non-perishable fruit 
pomace powder to be guided back into the food chain are immediate drying after juice 
pressing, milling, and eventually fractionation (Nawirska & Kwaśniewska, 2005). The 
steps of the production chain for berries are exemplary depicted in Figure 2.2. The 
processing of fruit pomace is explained for berry pomace. 
 
 
Figure 2.2: General steps of berry pomace processing. 
 
For the production of berry juice, the conventional procedure includes crushing fresh 
or frozen berries to mash, heating the mash to 40 - 50°C, eventually treating it with 
depectinizing enzymes for 1 - 2 h to break down the cell wall structure, and finally 
pressing it with belt presses, basket presses, or Bucher horizontal piston presses 
(Oszmiański & Wojdylo, 2005; Skrede et al., 2000). The treatment with pectinolytic 
enzymes increases juice yield because the disruption of the highly viscous pectin gel 
that is formed during mashing allows a facilitated extraction of juice (Hilz et al., 
2005). Additionally, more of berry polyphenols are extracted with the juice which 
leads to a more intensive colour that is associated with higher juice quality. Berry 
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pressing residues after juice extraction contain between 73 % (White et al., 2011) and 
81 % moisture (Reque et al., 2014) and are therefore highly susceptible for spoilage 
by microorganisms; this makes processing steps to reduce pomace moisture content 
essential. The residual moisture in pomace depends, for example, on berry variety, 
depectinization of the mash, and processing conditions during pressing (method, 
pressure).  
Potential methods for pomace drying include conventional hot air convection drying, 
low temperature vacuum drying, freeze drying, infrared drying, and microwave drying 
(the latter two often combined with convective drying). Experiments with convection 
drying of berry pomace were, for instance, performed at 50°C (Dobson et al., 2012), 
70°C (Kosmala et al., 2010), and 80°C (Reque et al., 2014). Because of the decreased 
boiling point of water, vacuum drying is usually conducted at a temperature below 
70°C (Sójka et al., 2013). The processing conditions during drying have a great 
influence on product characteristics such as appearance, colour and porosity, but also 
on the content of bioactive compounds (Horszwald et al., 2013): in the production of 
Aronia powder from juice, convection drying resulted in a more intense and darker 
colour of the powder than freeze drying or spray drying. One promising approach to 
obtain high quality powder from berry pomace is the combination of different drying 
methods, for example convection drying with a microwave pretreatment (Motevali et 
al., 2011), or microwave vacuum drying. The microwave radiation induces the 
development of thin pores in the sample, so that moisture release is facilitated, drying 
time is decreased, and product texture is altered (Böhm et al., 2006).  
After drying the material is usually subjected to milling, and the powder is then sieved 
to achieve the required particle size distribution. Milling is helpful to increase the 
beneficial properties of berry powder, since the breakdown of seeds makes health 
promoting compounds (that are normally excreted undigested inside the hard seeds) 
available (Helbig et al., 2008). In addition, micromilling of chokeberry pomace was 
shown to produce a nanosized material, and therefore enhanced the extractability of 
phenolic compounds and the antioxidant capacity (Mayer-Miebach et al., 2012). The 
particle size of dietary fibre powders is also known to influence hydration, as described 
in chapter 2.5.3. Therefore a final step of processing could be the fractionation by 
sieving to obtain different particle size, or the separation of the seeds from the dried 
berry powder (Sójka & Król, 2008) with the aim of using the berry seeds for the 
extraction of seed oil (Dobson et al., 2012).  
Apart from the production of pomace powder that is rich in dietary fibre and 
antioxidants, another approach to add value to pomace is to extract these 
components. Recent studies especially focus on advanced, energy saving technologies 
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for the extraction of antioxidants such as pressurized liquid extraction, supercritical 
fluid extraction, and ultrasound or microwave assisted extraction (Galván D’Alessandro 
et al., 2014; Michel et al., 2011; Paes et al., 2104) which have also been described as 
being more efficient concerning extractant yield. 
2.5.5 Influence of processing on technofunctional fibre properties 
Processing parameters and methods can have a significant influence on the 
composition of fibre and its functional properties. With respect to dietary fibre, it has 
already been observed that processing does not change the fibre content of foods but 
may affect the physiological functionality the fibre might exhibit in the small and large 
intestine. Such changes in dietary fibre can be caused by hydrolytic enzymatic 
reactions and chemical degradation which is, for example, influenced by the applied 
thermal energy. The reduction of the molecular mass of dietary fibre components by 
chemical degradation leads to a decrease in viscosity, a reduced hydration capacity 
and changes their metabolic effects (Nyman, 2003).  The influence of thermal energy 
on cell wall material can cause lignin depolymerisation and, therefore, the formation of 
free hydroxyl and carbonyl groups (Wawer et al., 2006). 
Enzymatic treatment of the mash during berry juice production has been shown to 
increase the swelling capacity but to decrease the water binding capacity of milled 
black currant pomace (Kosmala et al., 2010). This was attributed to the fact that 
depectinising enzymes degrade cell wall fragments and, hence, loosen the structure. 
As for the fibre, phenolic compounds are also influenced by processing conditions, 
because they decompose at higher temperatures (> 90°C) (Holtung et al., 2011), or 
because they become easier extractable after enzymatic treatment (Koponen et al., 
2008). The influence of temperature and time during convection drying of blueberry 
pomace was analysed by Khanal et al. (2010). The procyanidin and anthocyanin 
content did not change when the pomace was warmed to 40°C, but heating to above 
60°C reduced the respective contents. The highest loss of anthocyanins (52 %) was 
observed after heating up to 125°C in a forced air oven which indicates that higher 
drying temperatures result in considerable losses of potentially bioactive compounds. 
Since heating of chokeberry purees up to 100°C for 15 min had no significant 
influence on the procyanidin content (Mayer-Miebach et al., 2012), especially moisture 
content and drying time seem to be the prominent factors that influence polyphenol 
degradation. Furthermore, freeze drying of cranberry pomace leads to an increased 
extractability of flavonol glycosides (White et al., 2011). 
Khanal et al. (2009) showed that the total anthocyanin content in blueberry pomace 
was reduced by 33 – 42 % through extrusion. However, extrusion apparently 
increased the content of monomer and dimer procyanidins which are more easily 
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absorbed in the human intestine than large molecular weight compounds, and 
therefore increased the bioactivity of blueberry pomace. White et al. (2010) extruded 
cranberry pomace and found that the loss of anthocyanins depends on extruder barrel 
temperature: a temperature of 150°C caused 46 % losses whereas, when applying 
170°C, 61 % losses were observed. On the other hand, the content of total flavonols 
increased with extrusion: pomace extrudates contained 30 – 34 % more flavonols 
than the control. This effect might be caused by the higher heat stability of flavonols 
compared to anthocyanins. Additionally, the disruption of the pomace matrix by the 
extrusion process enhanced the extractability of compounds. 
Another factor that influences the phenolics content of berry pomace is the enzymatic 
degradation of antioxidants that may occur after pressing by endogenous enzymes 
such as polyphenoloxidase (PPO) and glucosidase (Skrede et al., 2000). PPO is mainly 
responsible for colour changes caused by degradation of phenolic compounds, and the 
activity of PPO varies between different berry cultivars. Homogenized fresh 
blueberries, for example, turn intensely brown after 30 min; PPO is suspected to be 
less active in cranberries because of the low pH of the berries, or because of lower 
quantities of enzyme or substrate (White et al., 2011). Additionally, flavonols are less 
susceptible to enzymatic degradation than anthocyanins (Skrede et al., 2000). To 
countervail this process, blanching of fruits or pomace may be applied to inactivate 
endogenous enzymes. However, White et al. (2011) stated that blanching of cranberry 
fruits caused significant losses of total anthocyanins. 
 
2.6 Application of dietary fibre from by-products in baked 
goods 
Increasing the fibre level of food until they are in alignment with the code of federal 
regulations, allows the claims “good source of fibre” or “excellent source of fibre” on 
the products (Sivam et al., 2010). The incorporation of DF into cereal products is 
always related to severe changes in dough and product properties, which are often 
associated with less consumer acceptance. Therefore, new fibre ingredients are 
constantly searched by the food industry to create innovative fibre-enriched products 
with special texture and flavour (Rosell et al., 2009). Recently the advantages of fibres 
from fruit by-products are discovered and their application as healthy and sustainable 
food ingredients is valued. 
To increase dietary fibre in baked goods, products from different sources can be 
incorporated into the recipe for partially replacing flour, sugar or fat. Fibres that were 
used in recent studies were from mango or potato peels (Ajila et al., 2008; Arora & 
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Camire, 1994), apple pomace (Masoodi et al., 2002; Sudha et al., 2007), and orange 
or grape pomace (Mildner-Szkudlarz et al., 2013; O’Shea et al., 2013). 
Several attempts have been made to enhance the product characteristics of fibre-rich 
bakery products. One possibility is to minimize the effect of the high water binding 
capacity of the fibre by adding additional water (Sozer et al., 2014) or the attempt to 
coat fibres with fat during mixing and reduce the contact with water (Villemejane et 
al., 2013).  
2.6.1 Interactions between pomace and wheat macromolecules 
When dietary fibre is incorporated in doughs or batters, the mechanisms of structure 
formation are altered. In addition to protein-starch and protein-water interaction, fibre 
interacts with gluten, water and starch.  
Replacement of wheat flour by dietary fibre in dough is accompanied by dilution of 
gluten resulting in a weakening effect on the gluten network (Abebe et al., 2015). 
Furthermore, fibre particles can act as points of weakness in the expanding dough 
system resulting in a discontinuous gluten matrix (Gan et al., 1989). Noort et al. 
(2010), on the other hand, stated that less developed gluten network in fibre-fortified 
doughs is mainly caused by fibre-gluten interaction rather than dilution of gluten, 
disruption of gas cells or particles disturbing the gluten network.  
Bárcenas et al. (2009) studied the effect of different hydrocolloids on wheat gluten 
and observed decreased swelling and water holding capacity, and increased water 
binding capacity of gluten with the addition of pectin. This was explained by the 
formation of electrostatic complexes between pectin and gluten proteins which 
interferes with formation of gluten network. Chemical interactions between dietary 
fibre (DF) and gluten prevent the complete hydration of either gluten or DF. This is 
represented by an application level of DF, where a maximum number of fibre 
molecules are bound to gluten and both parties are not able to bind anymore water 
(Chen et al., 1988). Especially, the addition of insoluble DF leads to the formation of a 
more compact gluten network (Nawrocka et al., 2016). Gluten interactions through 
hydrogen bonds with cellulose, hemicellulose and lignin in DF increase the structural 
strength of wheat dough (Guevara-Arauza et al., 2015). In the presence of salt, 
hydrocolloids showed different effects on gluten development: addition of 
carboxymethylcellulose produced a less stable gluten network in the absence of salt, 
whereas hydrophobic modified celluloses showed less stable networks in the presence 
of salt (Correa et al., 2010). It is also possible, that gluten and protein from protein-
rich fibres interact with each other and prolong the formation of the dough network 
(Ahmed et al., 2013). 
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In pasting experiments of wheat starch mixed with water and different hydrocolloids, 
pectin increased peak viscosity, breakdown and final viscosity, which emphases the 
increase of effective starch concentration through the immobilisation of water by 
pectin (Bárcenas et al., 2009). In small strain oscillatory rheological experiments with 
fibre incorporated dough, it was found, that fibre addition did not influence the peak 
temperature at G’ maximum and therefore starch gelatinisation temperature (Ahmed 
et al., 2013). DF increases swelling capacity of starch caused by disruption of 
amylopectin structure by water-insoluble fraction of DF which allowed starch granules 
to rupture during heating releasing higher levels of amylopectin. Starch competes with 
insoluble DF for available water causing an uneven distribution of water within the 
matrix (Yildiz et al., 2013).  
The interaction of phenolic compounds and gluten has also been studied and resulted 
in the observation, that small molecules of phenolic acids are incorporated in the 
gluten network, followed by aggregation of proteins and increased dough strength 
(Sivam et al., 2013). Anthocyanins interact with gliadins and cause conformational 
changes of the protein (Taddei et al., 2013). 
2.6.2 Application of fruit pomace in wheat dough and bread 
Incorporating DF into bread is generally detrimental to the formation of an aerated 
structure, diminishing the appeal of fibre-fortified bread and restricting the benefits to 
be obtained by the consumption of fibre (Campbell et al., 2008). Fruit pomace is an 
alternate fibre source to cereal bran that is usually the DF source in breads high in 
fibre. Studies concerned with application of fruit by-products in bread, usually 
conclude, that these fibres can be incorporated at some level while maintaining 
acceptable bread quality. 
Cooked fruit by-products (apple, pear and date pomace) applied to wheat bread had 
significant influences on dough and product properties. The results showed increased 
water absorption and dough stability in farinograph experiments. Extensibility, 
softening, breakdown and setback of the dough decreased with fibre addition. The 
final product with 2 % fibre showed comparable specific volume to the reference and a 
more aerated crumb structure (Bchir et al., 2013). A reduction in bread volume was 
observed after the addition of hazelnut fibre (Anil, 2007), sugar beet fibre (Filipovic et 
al., 2007) and apple fibre (Chen et al., 1988). Sivam et al. (2010) reviewed, that 
effects of added non-cereal fibre to wheat bread are reduced loaf volume, increased 
crumb firmness and darkened appearance. The negative effects on bread volume 
derive mainly from dilution of gluten and the interactions between fibre, water and 
gluten, as described in detail in chapter 2.6.1. 
36 Introduction 
 
O’Shea et al. (2013) incorporated orange pomace into gluten-free bread formulations. 
They found that the higher water absorption capacity of fibre competes with starch for 
the available water, reducing starch granule swelling and decreasing batter viscosity 
and gelatinisation rate. At a level of 5.5 g pomace per 100 g (rice flour + potato 
starch), the orange pomace bread was considered similar in sensory acceptability to 
the control, with a slightly less pleasant texture while chewing. Rocha Parra et al. 
(2015) incorporated apple pomace into a gluten-free bread formulation, noting that 
high levels of fibre gave less cohesive and resilient crumbs and lowered specific 
volume. Increasing water proportion served to counteract the negative effects of the 
pomace addition to some extent. 
2.6.3 Application of fruit pomace in soft bakery products 
Muffins with chemical leaving agents are popular breakfast or snack products with 
increasing consumer acceptance. Fresh products are served in restaurants and 
bakeries, and packed, ready-to-eat products are distributed in groceries (Cross, 
2006). Because muffins are high in sugar and fat and show a relatively low nutritional 
value, several attempts have been made to increase their nutritional value by, e.g. 
incorporating dietary fibres. 
Cake and muffin batter usually consists of many ingredients including flour, sugar, 
egg, fat, leavening agents, salt, milk solids and water, and each of these has an 
important function in the batter. This has to be taken into account when adding DF, or 
when using DF to substitute flour, fat or sugar in this type of product. The main 
problems generated by incorporating fruit pomace fibre in a formulation come from 
detrimental effects of the fibre on the creation of the aerated structure, as is also the 
case for bread. The fruit pomace fibre has a high affinity for water, so the interaction 
of DF with water is one of the major concerns related to this problem. In general, 
wheat flour substitution by DF decreases cake volume development, and because of 
the increased density, the texture of the final products becomes firmer, more gummy 
and less cohesive (Gómez et al., 2010; Lebesi & Tzia, 2011; Martinez-Cervera et al., 
2011). In fact, texture is the sensory attribute most influenced by the presence of 
fibre in cakes and muffins. A meta-analysis of sensory data (Grigor et al., 2016) 
showed that in the case of muffins, the texture acceptability was lowered when the 
muffin base acceptability was high. 
The high water absorption capacity of fibre creates increased batter viscosity which 
can be balanced by water addition. The adaption of water proportion in the recipe has 
previously been done by calculation of the water binding capacity of the fibre (Zahn et 
al., 2013; Kaack & Pedersen, 2005; O’Shea et al., 2015), by manual observation of 
batter consistency (Grigelmo-Miguel et al., 1999; Grigelmo-Miguel et al., 2001; 
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Pasqualone et al., 2014; Sozer et al., 2014; Tarrega et al., 2017) or it has not been 
considered at all (Al-Sayed & Ahmed, 2013; Alvarez et al., 2017; Arora & Camire, 
1994; Baixauli et al., 2008; Bajerska et al., 2016; Beegum et al., 2017; De La Hera et 
al., 2013; Gao et al., 2016; Gularte et al., 2012; Herranz et al., 2016; Kim et al., 
2013; Krishnaiya et al., 2016; Lebesi & Tzia, 2011; Masoodi et al., 2002; Mildner-
Szkudlarz et al., 2016; Mrabet et al., 2016; Onacik-Gür et al., 2016; Singh et al., 
2016; Srivastava et al., 2014; Sudha et al., 2007; Uysal et al., 2007; Vasantha 
Rupasinghe et al., 2009; Villemejane et al., 2013; Vitali et al., 2009; Wang & Thomas, 
1989). Even response surface methodology was used to study the water proportion 
which produces the best product characteristics (Mudgil et al., 2017). The process 
lacks a defined parameter that enables water proportion adaption with consideration 
of batter characteristics. In this context, isoviscosity was introduced (Struck et al., 
2016). 
Different methods for incorporating apple pomace in bakery products have been 
tested, and an improved method for preparing fibre-rich cakes was patented by 
Madhugiri et al (2009). Here, apple pomace powder (20 - 40 %) was converted into a 
gel-like substance that was part of the cake formulation. Muffins with mango pulp fibre 
were reported as nutritionally improved due to the retention of phenolic acids and 
carotenoids (Sudha et al., 2015). The addition of fibre-rich fruit pomace to soft bakery 
products can also be an alternative for people requiring a low glycaemic response, as 
Romero-Lopez et al. (2011) demonstrated in muffins with DF from orange bagasse. 
Walker et al. (2014) prepared muffins with 5 - 10 % grape pomace; DF and total 
phenolic contents and radical scavenging activity were increased compared to the 
control formulation. The enrichment of muffins with 20 % grape pomace (Mildner-
Szkudlarz et al., 2015) enhanced their nutritive value without showing significant 
changes in the sensory profile. Aronia pomace powder was proposed to increase DF 
content in cakes and muffins, which also contained fresh Aronia berries or Aronia jam 
as fruit filling (Holzmüller, 2012). A similar procedure was given for different cakes 
using dried and milled apple and pear pomace to increase DF content, and to reduce 
energy load (Bielig et al., 1984). 
Dried apple pomace was used by Wang and Thomas (1989) to substitute 50 % of 
wheat bran in muffins. Products had a similar total DF content but, when conducting 
sensory experiments, the overall preference showed that they were significantly more 
desirable than the control bran muffins because of their softer texture. Masoodi et al. 
(2002) prepared cakes by adding 5, 10 or 15 % of apple pomace to wheat flour and 
observed acceptable physical properties of the cakes. Batter viscosity of fibre-enriched 
preparation increased with increasing levels of apple pomace and with decreasing fibre 
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particle size. The increase in batter viscosity is related to physicochemical properties 
of the fibre such as its high water binding (Gularte et al., 2012), which reduces the 
water available for other ingredients and, consequently, affects product characteristics 
such as crumb hardness and chewiness, or volume (De la Hera et al., 2013; Grigelmo-
Miguel et al., 1999; Sudha et al., 2007). Apple skin powder was used by Rupasinghe 
et al. (2008) to replace up to 32 % of wheat flour in muffins, which resulted in higher 
DF and total phenolic contents, and a higher total antioxidant capacity than in the 
control.  
Fat substitution by fruit pomace results in major changes of cake structure and 
consequently of their physical properties, such as reduced volume and increased 
crumb firmness (Rodríguez-García et al., 2014a). Fruit pomace-derived fibres used to 
replace fat in soft bakery products include, for example, peach DF where high-fibre 
muffins showed fibre contents of up to 10 % (Grigelmo-Miguel et al., 2001). In the 
reduced fat and high-fibre muffins, moisture increased with DF content because of its 
high water-holding capacity. The addition of the peach DF darkened the muffins and 
increased their hardness. Muffins with peach DF up to 4 - 5 % were considered as 
being similarly acceptable as the control by consumers. Melon skin and rinds were 
used by Al-Sayed and Ahmed (2013) to substitute wheat flour or fat in a cake 
formulation. The use of these materials retarded staling and reduced lipid oxidation 
during storage. Medium substitution levels (5 % flour and 10 % fat) produced 
acceptable cakes that were not significantly different from the control.  
Sugar substitution by fruit pomace is challenging because of the important role that 
sugar plays in batters of soft bakery products. When substituting sugar, it has to be 
taken into account that the main mechanism that destabilizes cake batter is gas 
diffusion from small to large bubbles.  That is, a batter with more extreme variations 
in bubble size is less stable (Pateras et al., 1994). A sufficiently high batter viscosity 
decreases air mobility, which prevents bubble coalescence and improves the stability 
of the mixture. When sugar is replaced by a sweetener, it is required that these 
functions are retained in the system, so fillers are needed to replace the bulk of sugar 
(Struck et al., 2014). Different plant fibres have been used as fillers; some have 
additional advantages such as being prebiotic, having antioxidant properties or 
increasing DF content. In this context, it is important to emphasize that the impact of 
sugar replacement and fibre addition on batter viscosity can be balanced by adjusting 
the water proportion in the formulations; in this regard, apple fibre has been used as 
bulk agent in sugar-replaced muffins (Struck et al., 2016; Zahn et al., 2013). 
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3 Aims 
By-products from fruit processing are the raw material for innovative fibre ingredients 
and state an interesting opportunity to increase the sustainability of the processing 
chain. Depending on source and processing, these fibre ingredients differ in their 
chemical composition and technofunctional properties which influence their interaction 
with food ingredients (Figure 3.1). Therefore three different fibre ingredients (apple 
fibre, wheat fibre and black currant pomace) were chosen that differ in their basic 
chemical composition, especially the contents of soluble and insoluble dietary fibre. 
The influence of fibre on batter viscosity and dough consistency is balanced by 
adaption of water proportion. It is proposed, that the adaption of water proportion will 
results in better dough, batter and product characteristics. Additionally the rheological 
measured variables batter viscosity and dough consistency are chosen as parameters 
for empirical adaption of water proportion in the systems. 
 
 
Figure 3.1: Graphical representation of the content of the thesis. 
 
Apple fibre produced from apple pomace is applied as wheat flour replacer in muffins 
to reduce the energy density of that bakery product. Different levels of apple fibre 
application are analysed, where wheat flour is either replaced by equal amounts of 
apple fibre or by a mixture of apple fibre and water. The aim is to analyse the batter 
and product properties of fibre-enriched samples to understand how fibre behaves in 
the muffin batter and what influences batter viscosity has on product characteristics. 
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Distinctions in product properties that derive from different initial batter viscosities of 
fibre-enriched samples compared to reference batter are balanced by additional water 
in the recipe to ensure isoviscosity of the batters. To gain more knowledge on 
interactions between fibre and wheat starch in muffins, pasting properties and in vitro 
starch digestion are analysed. A suitable application level of AF will be suggested that 
ensures products with satisfying product characteristics.  
The further consideration of interactions of fibre and wheat macromolecules was 
analysed in simplified systems, namely starch slurries and model wheat dough 
systems that have fewer compounds and a denser structure. Since viscoelastic 
behaviour of dough and texture formation of the baked good is dependent on pasting 
performance of wheat flour during heating and cooling, slurries of wheat starch and 
wheat starch/fibre blends are analysed for pasting properties. Literature on influence 
of fruit fibre on pasting properties and gelatinisation of wheat starch is rare and the 
existing studies present contradicting results.  
After the application of fibre in starch slurries, a model wheat dough system was 
analysed to gain more information about interactions of fibre and gluten during 
kneading and in the final dough. Three different fibres are applied to identify how their 
chemical composition influences wheat dough properties. The in-depth analysis of 
rheological properties and microstructure is therefore performed.  
The results obtained will provide further information on the interactions of fibre 
ingredients from by-products with wheat macromolecules in different applications, 
especially with regard to the influence of chemical composition of the fibres. 
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4 Materials and methods 
4.1 Design of experiments 
The design of experiments is summarized in Figure 4.1. Three different fibre 
ingredients were studied as replacement of wheat flour or wheat starch in the 
experiments. The fibres were analysed for their proximate composition and 
technofunctional properties. Muffins, model wheat dough systems and wheat starch 
slurries were used as application examples.  
 
 
 
Figure 4.1: Design of experiments. AF – apple fibre, WF – wheat fibre, BCP – black currant 
pomace, BU – Brabender Units. 
 
In muffins, wheat flour was replaced with apple fibre (AF). Additionally to the 
replacement of wheat flour by equal amounts of apple fibre (AF 30), batters isoviscous 
to the reference were developed by adapting the water proportion in the recipe (AF 
30 W and AF 67 W). The number in the sample code indicates the percentage of 
wheat flour replacement. The recipe AF 67 W contained the same amount of apple 
fibre as AF 30, but additional water to create isoviscosity. 
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In a complex batter system, wheat starch coexists with proteins, fibre, sugars, and 
other components and the effects of single ingredients are difficult to differentiate. 
Therefore analysis of pasting properties of blends of just two compounds, wheat 
starch and dietary fibre (apple and wheat fibre), can give information about 
interactions that result in changes of starch behaviour. 
To analyse the effect of fibre on gluten development, two studies were performed with 
model dough systems. In one the application of apple fibre and wheat fibre (WF) was 
tested for wheat flour replacement levels of 5 and 10 %. Higher levels were not 
possible with AF, since dough became very sticky and not manageable. Since the two 
fibres are very different in their composition, the impact of fibre solubility becomes 
visible from the results. In another study, wheat flour was replaced by black currant 
pomace powder (BCP) in model wheat dough systems. Since doughs with BCP were 
easy to handle, application levels of up to 30 % were possible. Both studies were 
performed with different batches of wheat flour, so the references are not averaged 
but depicted with the respective DF-added samples. The mechanical input during 
kneading was kept constant for all dough samples and the dough consistency was 
adjusted to 500 BU by addition of water. As a result, all doughs had the same initial 
conditions.   
4.2 Characterisation of fibre  
4.2.1 Raw material and analysis of fibre composition 
Apple (AF) and wheat (WF) fibre was provided by a fibre producing company (JRS 
Rettenmaier, Rosenberg, Germany). Black currant pomace was obtained from a juice 
processing company (Döhler GmbH, Darmstadt, Germany) in the harvesting season 
2015. The berries were frozen after the harvest with following juice extraction. The 
obtained berry pomace was stored frozen until processing. The pomace was dried at 
70°C for 2 h until the residual moisture content was below 5 g 100 g-1 and milled in a 
ZM 100 ultra-centrifugal mill (Retsch, Haan, Germany) at 14,000 rpm using a 1.0 mm 
sieve. The resulting black currant pomace powder (BCP) was stored frozen until 
application. AF, WF and BCP were analysed for basic chemical composition in 
triplicates. Moisture content was determined by drying at 103°C to constant mass. Fat 
content of the samples was analysed by Soxhlet extraction with petroleum ether and 
subsequent weighing, protein by using the Kjeldahl procedure and a conversion factor 
of 6.25. Ash was determined gravimetrically after 5 h at 550°C in a muffle furnace. 
Soluble and insoluble dietary fibre (SDF and IDF) were analysed with the total dietary 
fibre kit (Megazyme Ireland, based on AOAC 991.43, AOAC 985.29, AACC 32-07.01 
and AACC 32-05.01). Carbohydrates were calculated by difference. 
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4.2.2 Water binding capacity 
The determination of fibre water binding capacity WBC (g H2O g
-1 dry fibre) was based 
on a centrifugation method (Chen et al., 1984). 4 g fibre was mixed with 40 g water 
and kept at room temperature for 30 min. The samples were centrifuged at 2,000 g 
for 10 min, and the supernatant was decanted and weighed. Dry matter of the 
supernatant was then determined in triplicate using a MA 30 moisture analyzer 
(Sartorius, Göttingen, Germany) at 95°C. WBC refers to the amount of water bound 
per gram dry fibre and was determined in triplicate. 
4.2.3 Swelling capacity 
Swelling capacity SWC (mL g-1) of the fibres was determined with a method described 
by Auffret et al. (1994). 200 mg of powder was weighed into a graduated glass tube 
and filled with 10 mL deionised water. The sample was left at room temperature for 
18 h. The volume of swollen sample was measured. The results are expressed as mL 
swollen sample per g of dry initial sample and the determination was performed in 
triplicate. 
4.2.4 Particle size distribution 
The particle size of BCP was measured with a laser diffraction spectrometer 
(HELOS/KR-H2487, Sympatec GmbH, Clausthal-Zellerfeld, Germany). Before the 
analysis at a dispersion pressure of 3 bar, the powder was passed through a 2000 µm 
sieve. The average particle diameter x90 (µm) was calculated from the particle size 
distribution densities. The measurements were performed in triplicate. 
4.3 Preparation of doughs, batters and bakery products 
4.3.1 Preparation of wheat dough 
Wheat flour type 550 was retrieved from Dresdener Mühle (Saalemühle Alsleben 
GmbH, Alsleben, Germany). Dough was prepared in a 300 g farinograph cell 
(Brabender, Duisburg, Germany) from wheat flour, deionised water and AF, WF (0, 5, 
10 % wheat flour replacement level based on weight) or black currant pomace powder 
(0, 10, 20, 30 % wheat flour replacement level based on weight). The temperature of 
the kneading chamber was controlled by a water bath and set to 30°C. Wheat flour 
and blends were mixed in the kneading chamber for 1 min and, after addition of 
water, kneaded for another 5 min before rheological analysis. Water proportion was 
adjusted to reach a maximum dough consistency of 500 BU (ICC Standard No. 115/1, 
1992) and for farinograms, kneading was continued for additional 12 min after 
reaching peak consistency (Figure 4.2). Parameters retrieved from the farinographic 
experiments were water absorption WA (mL 100 g-1), dough development time DDT 
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(min), dough stability DS (min) and degree of softening DOS (BU) (ICC Standard No. 
115/1, 1992). To compensate the different water contents of wheat flour and fibre 
mixtures, water absorption is expressed as mL for 100 g wheat flour with a moisture 
content of 14 %. Doughs were prepared in duplicate in two independent batches for 
the subsequent analysis. 
 
 
Figure 4.2: Example of Farinogram of reference with analysed parameters. DS – dough stability, 
DOS – degree of softening, DDT – dough development time. 
 
4.3.2 Muffin formulation and preparation 
The reference recipe comprised of 200.0 g wheat flour (type 405, Saalemühle Alsleben 
GmbH, Alsleben, Germany), 120.0 g sucrose, 10.0 g baking powder, 15.0 g skim milk 
powder, 15.0 g whole egg powder mixed with 45.0 g water, 2.4 g salt, 80.0 g canola 
oil and 120.0 g water. Wheat flour was replaced in two levels (30 and 67 %) by apple 
fibre (Figure 4.1). In recipe AF 30, 30 % of wheat flour was replaced by equal amount 
of apple fibre. Two additional recipes AF 30 W and AF 67 W were developed, where 
the batter viscosity was adjusted to establish isoviscosity with the reference by 
increasing the amount of water in the recipe. Therefore, in the recipe AF 30 W, 30 % 
of wheat flour was replaced with AF and water. Recipe AF 67 W contains the same 
amount of fibre as AF 30 but to be isoviscous with the reference 67 % of wheat flour 
were replaced by a combination of AF and water.  
Batter preparation was as described previously (Zahn et al., 2010). Egg and oil were 
mixed for 60 s (10 s at speed 2, 50 s at speed 8) with a wired whisk (Kitchen Aid, St. 
Joseph, USA) in a bowl. The dry ingredients were blended separately, added together 
with water to the bowl, and mixed for additional 60 s (10 s at speed 2, 50 s at 
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speed 8). Finally, 43 ± 0.1 g of batter were filled in paper cups, placed in a muffin 
baking tray and baked at 200°C top heat and 180°C bottom heat for 24 min (MIWE 
condo, Arnstein, Germany). Products from each recipe were produced, baked and 
analysed in two independent batches.  
4.4 Rheological analysis of doughs and batters 
Rotational and oscillatory measurements of muffin batters, separately produced 
without baking powder, and wheat doughs were performed with a Physica MCR 300 
rheometer (Anton Paar, Germany) equipped with a 50 mm plate-plate-geometry and 
system temperature was controlled by a Peltier element and a supporting Viscotherm 
VT2 water cooling system. After preparation, each batter or dough was kept at 25°C 
for 1 h and loaded to the geometry where it was allowed to relax for 10 min before 
measurement. For batter samples, the gap was adjusted to 1.025 mm as trimming 
position to carefully remove excess batter, and finally adjusted to 1 mm. For wheat 
doughs, the samples were rolled out and the gap was set to 2 mm. The sample was 
given 5 min to rest in the gap at 25°C before starting the measurements. Experiments 
were performed in duplicate. 
4.4.1 Flow properties 
Apparent viscosity a (Pa·s) of muffin batters was measured at 25°C as a function of 
shear rate for 0.1 - 100 s-1. Recipe development to create batters isoviscous to the 
reference was carried out by adapting the water proportion. a of the reference 
(22.7 Pa·s at shear rate 10 s-1) was used as a basis for an iterative approach to adjust 
viscosity of AF-containing batter. The AF/water ratio was adjusted until a at 10 s
-1 did 
not differ significantly from reference a. The batter flow curves were power-law fitted 
 
𝜂𝑎 = 𝑘 ∙ ?̇?
𝑛−1
 Eq. (1) 
 
where k (Pa·sn) refers to the consistency index, and n is the flow behaviour index. 
4.4.2 Creep recovery analysis 
Wheat dough samples for the creep recovery tests were preconditioned by frequency 
sweeps at 25°C as described in 4.4.3. A loading phase with a constant shear stress L 
of 50 Pa applied for 180 s was followed by a recovery phase of 540 s and 0 Pa. The 
strain was measured in the loading and in the recovery phase as a function of time, 
and used to calculate creep compliance by J(t) = /L. The compliance curves were 
then fitted to the viscoelastic Burgers model (Steffe, 1996) in the creep (Eq. (2)) and 
the recovery phase (Eq. (3)): 
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𝐽𝑐(𝑡) = 𝐽0𝑐 + 𝐽1𝑐 ∙ (1 − exp (−
𝑡
𝜆1𝑐
)) +
𝑡
𝜂0
 
Eq. (2) 
  
𝐽𝑟(𝑡) = 𝐽𝑚𝑎𝑥 − 𝐽0𝑟 − 𝐽1𝑟 ∙ (1 − exp (−
𝑡
𝜆1𝑟
)) 
Eq. (3) 
 
where J0 is the instantaneous compliance (Pa
-1) of the single spring in the model, J1 is 
the viscoelastic compliance (Pa-1) and λ is the retardation time (s) of the Maxwell unit, 
η0 is steady-state viscosity (Pa·s), and Jmax is the maximum creep compliance in the 
loading phase (Pa-1). That part of J that remained after load removal was subtracted 
from Jmax and represents the steady-state compliance (Jsteady) (Pa
-1). Consequently, 
Jsteady/Jmax represents the creep recovery (%). Experimental data were fitted using the 
Rheoplus V3.62 software (Anton Paar GmbH). 
4.4.3 Viscoelastic properties 
All oscillatory measurements of batter and dough were performed in the linear 
viscoelastic region at a strain of  = 0.0005. The gap was covered with vaseline oil to 
prevent dehydration during analysis. An initial frequency sweep was performed at 
25°C were the frequency f (Hz) decreased logarithmically from 10 - 0.1 Hz. A 
subsequent temperature sweep from 25 - 100°C was conducted at f1 Hz and a 
heating rate of 7 K min-1, previously determined as approximate heating rate in the 
centre of a muffin during baking. After holding at 100°C for 10 min, a final frequency 
sweep was performed from 10 - 0.1 Hz. Storage modulus (G') and loss modulus (G”) 
at both temperatures were then fitted to power law, i.e., G' = k' n' and G” = k” n”, 
where  is the frequency in Hz, k' and k” is G’ or G’’ at 1 Hz, and n’ and n” is the 
power law exponent describing the frequency dependence of the moduli. 
4.4.4 Dough extensibility 
A Kiefer dough extensibility rig (Kieffer et al., 1981) mounted on the TA.XTplus 
Texture Analyzer (Stable Micro Systems Ltd., Surrey, UK) was used for the 
determination of dough extensibility. Dough strands with a trapezoid cross-section and 
53 mm length were prepared in an oiled teflon mould and allowed to rest for 10 min at 
room temperature before placement in the extensibility rig. The hook was moved 
upwards with a speed of 3.3 mm s-1 until the dough strand was torn. Each dough was 
measured in 20-fold determination. Dough extensibility (mm) was defined as distance 
until tearing of the strand. The maximum force was measured as dough 
resistance (N). 
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4.4.5 Dough stickiness 
Dough stickiness was measured with a Chen-Hoseney cell in a TA.XTplus Texture 
Analyzer (Stable Micro Systems Ltd., Surrey, UK) equipped with a 5 kg load cell. 
Dough samples were transferred into the Chen-Hoseney cell (Chen & Hoseney, 1995) 
and extruded through the holes on top of the cell with a piston. An acrylic glass 
cylinder (d = 25 mm) approached the sample surface, i.e. the dough extruded from 
the cell, with 1.0 mm s-1 until a force of 0.4 N was reached, which was held for 0.1 s. 
The cylinder was then moved upwards with a speed of 10 mm s-1. Dough 
adhesiveness (N), measured in ten-fold determination, refers to the maximum tensile 
force during test execution.  
4.4.6 Pasting behaviour of raw material and bakery products 
The method for determination of pasting properties used in this study was an adaption 
of the common rapid visco analyzer method (Bahnassey & Breene, 1994) but with 
lower heating and cooling rates. Measurements were carried out in a Physica MCR 300 
rheometer (Anton Paar, Germany) equipped with a stirrer-cylinder-geometry (CC-27, 
ST-24-2D) and temperature control by water bath (Viscotherm VT2, Anton Paar, 
Germany). Raw material (wheat starch or blends of wheat starch and AF / WF in 
concentration of 1, 5 and 10 %) and milled muffin suspensions with a concentration of 
10 g DM 100 g-1 were filled in the cylinder (37 g), stirred with 150 min-1 and heated 
according to the following procedure: 10 min at 50°C, heating to 92°C with a heating 
rate of 2 K min-1, 10 min at 92°C, cooling to 50°C with a cooling rate of 1 K min-1 and 
finally 10 min at 50°C. The resulting viscosity-time-curves were interpreted according 
to Bhattacharya and Sowbhagya (1979): initial viscosity I (Pa·s), peak viscosity P 
(Pa·s), hot paste viscosity H (Pa·s) (viscosity after heating at 92°C for 10 min), cold 
paste viscosity C (Pa·s) (viscosity after cooling to 50°C), breakdown BD (Pa·s) (P-H), 
total setback SB (Pa·s) (C-H), breakdown ratio (%) (H/P), total setback ratio (%) 
(C/H), and pasting temperature (at the point where viscosity increase begins). When 
there is no peak in the heating phase but the viscosity continues to rise until 92°C, 
P=H. Breakdown represents fragility of the starch and setback the retrogradation. 
4.5 Determination of muffin characteristics 
After baking, muffins were allowed to cool to room temperature. Muffins were ground 
for 10 s at 5000 rpm in a Grindomix GM 100 knife mill (Retsch GmbH, Haan, 
Germany) before determination of chemical composition according to the methods 
described in 4.2.1. Energy density was calculated from energy density (kcal 100 g-1) 
of the ingredients with consideration of baking loss: sugar 399, wheat flour 335, 
oil 900, egg powder 570, milk powder 357, baking powder 115 and apple fibre 211. 
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Maximum height and average diameter of ten muffins was measured using a digital 
caliper. Muffins were weighed and relative baking loss was calculated. Volume of three 
muffins was determined in triplicate using the canola seed displacement method. 
Water activity of three milled muffins was measured in triplicate with a 
thermoconstanter (Novasina, Lachen, Switzerland, Germany) at 25°C. Crumb texture 
was analysed using a XT2i Texture Analyzer (Stable Micro Systems, Surrey, UK). After 
storing the muffins in polythene bags at room temperature for 1 d, cylinders (d = 
22.5 mm) were cut from the crumb of five muffins from each batch and reduced to 
28 mm length. Using an acrylic plate (d = 40 mm), crumb cylinders were compressed 
to 50 % height at 1 mm s-1, decompressed and compressed again; off-time between 
compressions was 5 s. Crumb firmness was the peak force obtained during first 
compression, and cohesiveness refers to the ratio of area under the 2nd to the area 
under the 1st compression cycle in the force-time diagrams (Zahn et al., 2013).  
A Luci 100 spectral colorimeter (D65 Xenon lamp, 10° standard observer; Hach Lange, 
Düsseldorf, Germany) was used to measure crumb and crust colour from three 
muffins in triplicate. The measurement was based on the CIE-Lab colour space, and 
lightness L*, chroma C* and hue angle hab were further considered as colour 
descriptors (Rohm & Jaros, 1996).  
For pore size distribution analysis, muffins were cut vertically and scanned (hp Scanjet 
8200, Hewlett-Packard Company, Palo Alto, USA). The scanned images were analysed 
with the software ImageJ (National Institute of Health, USA). The images were 
transformed to grayscale and cropped in a 32 x 32 mm section. The threshold was 
adjusted and cell area was calculated in square millimetres. From that the cell areas 
were divided in bins and cell area distribution was calculated.  
4.6 In vitro starch digestibility of muffins 
In vitro starch digestibility of muffins was analysed according to Brennan et al. (2008) 
in triplicate. 2.50 g ground muffin was weighed threefold and each mixed with 30 mL 
distilled water. Samples were warmed to 37°C under constant stirring, and 0.8 mL 
1 mol L-1 HCl was added. Addition of 1 mL of a 100 g L-1 pepsin solution in 0.05 mol   
L-1 HCl was followed by digestion for 30 min at 37°C. After incorporation of 2 mL 
1 mol L-1 NaHCO3 and 5 mL 0.1 mol L
-1 sodium maleate buffer to adjust pH 6, the 
time 0 aliquot was taken from the sample. 0.1 mL amyloglucosidase was then added 
to prevent end product inhibition of pancreatic α-amylase. 5 mL 25 g L-1 pancreatin in 
0.1 mol L-1 sodium maleate buffer was added, and the volume was made up to 53 mL 
with water. After incubation for 120 min at 37°C under agitation, 1 mL aliquots were 
removed after 20, 60 and 120 min digestion and diluted 1:4 in ethanol to stop the 
reaction. To analyse the amount of reducing sugars, samples were digested with an 
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enzyme solution consisting of invertase (Sigma, grade V, 30 U L-1) and 
amyloglucosidase (Megazyme, 3260 U mL-1) in acetate buffer at 55°C for 20 min. 
Measurement of reducing sugars (RS) was conducted with 3,5-dinitrosalicylic acid 
(Miller, 1959). The amount of digestible starch expressed as mg reducing sugars per g 
muffin was calculated. A stoichiometric factor of 0.9, which comes from a yield of 
1.1 g glucose after total saccharication of 1 g starch, was used to calculate starch from 
glucose contents. The hydrolysis curves were the basis for determination of rapidly 
digestible (RDS) starch and slowly digestible starch (SDS) according to equations 4 
and 5, where RS0, RS20 and RS120 identify the amount of reducing sugars released in g 
100 g-1 dry mass, for the respective digestion times 0, 20 and 120 min (Aarathi et al., 
2003). 
 
𝑅𝐷𝑆 = (𝑅𝑆20 − 𝑅𝑆0) ∙ 0.9        Eq. (4) 
𝑆𝐷𝑆 = (𝑅𝑆120 − 𝑅𝑆0) ∙ 0.9        Eq. (5) 
4.7 Thermal properties 
Differential scanning calorimetry (DSC) was performed with a Q200 (TA Instruments, 
Eschborn, Germany) which was calibrated with indium. A sample of 3 mg ± 0.2 mg 
wheat starch or AF/WF-starch blends (1, 5 and 10 % AF / WF) was weighed in 
aluminium hermetic pans. After adding 10 µL of deionised water, the pans were sealed 
with hermetic lids. To achieve a uniform distribution of water in the starch, the 
samples were stored for 24 h at room temperature after preparation. After loading the 
DSC with the pans (reference (empty pan) and sample) they were kept at 20°C for 3 
min, followed by heating to 100°C with a heating rate of 10 K min-1. Onset 
temperature TOnset (°C), peak temperature TPeak (°C) and enthalpy E (J g
-1) were 
analysed with Universal Analysis 2000 V4.4 software. 
4.8 Dough microscopy 
Dough samples for scanning electron microscopy (SEM) and fluorescence light 
microscopy (FLM) were prepared according to Romeis (2010). The samples were 
dehydrated at 40°C with isopropanol of increasing concentration, starting at 50 % and 
ending at 100 % in five steps.  The dough pieces were then treated in a 50:50 mixture 
of paraffin (Merck KGaA, Darmstadt, Germany; melting temperature 52 – 58°C) and 
isopropanol (60°C) for 16 h and finally in pure paraffin for 6 h. An embedding form 
(volume 5 mL) was filled was liquid paraffin, and the samples were placed therein. 
After cooling the sample blocks were removed from the mould, and 10 to 15 µm thick 
slices were cut with a sledge microtome MC-2 (V/O Medexport, Moskau, Russia). The 
cutting surface was cooled with an ice cube before each cut to harden the surface and 
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to achieve precise cuts. Subsequently, the sample slices were transferred into 
deionized water of 38 - 40°C, placed on a coverslip and dried over night at 40°C. To 
remove the paraffin, samples were placed in Roticlear® (Carl Roth GmbH + Co. KG, 
Karlsruhe, Germany) for 10 min and dried at room temperature afterwards. For the 
fluorescent light microscopy, the samples were stained with nile red (0.01 g 100 mL-1 
in polyethylene glycol), decolourized with deionized water and dried overnight at 
40°C. For scanning electron microscopy (DSM 982 Gemini, Carl Zeiss AG, Oberkochen, 
Germany) the samples on the coverslips were freed from paraffin and prepared for 
electric conductivity by sputtering with platin in a SCD 040 coater (Balzers Union, 
Balzers, Liechtenstein). The samples were analysed at 10-5 hPa and 5 kV, 
magnification was 50 to 2000. Fluorescence light microscopy was done using an 
Axioplan 2 fluorescence imaging microscope (Carl Zeiss Microscopy GmbH, Germany) 
with a HXP 120c light source and a Cy3 filter with excitation and emission wavelength 
of 545 and 605 nm, respectively. Proteins appear red under the fluorescent light. 
4.9 Statistical analysis 
Analyses of variance (ANOVA) with subsequent Student-Newman-Keuls Post hoc-tests 
at P ≤ 0.05 were conducted using Systat 12 software package (Systat GmbH; Erkrath, 
Germany). Fitting of flow curves, frequency curves and starch hydrolysis curves was 
performed with Systat Table Curve 2D v4. 
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5 Results and discussion 
5.1 Fibre composition 
The fibres used in this study differed significantly in composition and functional 
properties (Table 5.1). AF dry matter consisted of 56.51 g 100 g-1 dietary fibre, 
including 13.65 g 100 g-1 soluble DF, mainly pectin. Similar to AF, black currant 
pomace contained 59.13 g 100 g-1 dietary fibre of which only 3.97 g 100 g-1 were 
soluble compounds. Since black currant fruits were treated with pectinases before 
juice pressing, the pectin in the pomace is mainly hydrolysed and not detected as 
soluble dietary fibre anymore, in contrast to AF were the SDF content was much 
higher. Wheat fibre dry matter was composed of 91.89 g 100 g-1 insoluble dietary 
fibre, comprising 70 % cellulose, 22 % hemicellulose and 5 % lignin (data provided by 
supplier). Since WF derives from wheat stalks it is mainly composed of insoluble cell 
wall polysaccharides. 
The content of non-DF carbohydrates was 36.79 g 100 g-1 DM for AF, 3.35 g 100 g-1 
DM for WF and 2.17 g 100 g-1 DM for BCP, indicating a high amount of mono- and 
disaccharides present in apple pomace after juice extraction. AF and WF consist mainly 
of dietary fibre and other carbohydrates, whereas BCP contains also significant 
amounts of fat (20.2 g 100 g-1) and protein (15.8 g 100 g-1). Black currant seeds 
contain seed oils that are released during milling of the dried pomace and contribute 
to the high fat content of BCP. 
Table 5.1: Chemical composition and technofunctional properties of dietary fibres. AF – apple 
fibre, WF – wheat fibre, BCP – black currant pomace, SDF – soluble dietary fibre, IDF – insoluble 
dietary fibre, CH – carbohydrates, WBC – water binding capacity, SWC – swelling capacity. 
Parameter AF WF BCP 
Moisture  [g 100 g-1] 4.00 ± 0.07 6.06 ± 0.02 3.43 ± 0.01 
Fat  [g 100 g-1 DM] 1.51 ± 0.15 0.47 ± 0.06 20.21 ± 0.22 
Protein  [g 100 g-1 DM] 3.86 ± 0.01 0.33 ± 0.04 15.83 ± 0.05 
Ash  [g 100 g-1 DM] 1.30 ± 0.02 1.14 ± 0.02 2.66 ± 0.03 
SDF  [g 100 g-1 DM] 13.65 ± 1.48 2.82 ± 1.49 3.97 ± 0.29 
IDF  [g 100 g-1 DM] 42.86 ± 1.10 91.89 ± 2.82 55.16 ± 1.65 
Total CH* [g 100 g-1 DM] 93.33 98.06 61.30 
WBC  [g H2O g
-1 dry fibre] 4.79 ± 0.01 4.07 ± 0.10 2.27 ± 0.04 
SWC  [mL g-1] 8.56 ± 0.38 9.84 ± 0.40 5.30 ± 0.54 
*calculated by difference 
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The functional properties of the fibre ingredients are described by the water binding 
capacity (WBC) and the swelling capacity (SWC). There are different methods for 
determining the WBC, distinguished by the applied external force. Chen et al. (1984) 
suggested the centrifugation method for emulsions and systems with high water 
activity, like it has been applied in this study. The advantage of this method is that the 
fibre is surrounded by a surplus of water, can fully hydrate and reach its saturated 
state. This represents the water available in batter and reflects a more realistic way to 
simulate the water uptake in the food system.  
WBC was 4.79 g H2O per g dry fibre in case of AF, 4.07 g H2O per g dry fibre for WF, 
and 2.27 g H2O per g dry fibre for BCP. WBC has been shown to decrease with 
decreasing particle size of powder due to collapse of the matrix with fine particles and 
therefore less space available for free water (Auffret et al., 1994). Particle size 
analysis showed that 90 % of all particles in AF were smaller than 300 µm, whereas 
BCP particles were slightly larger (x90 = 563 µm). Nevertheless, the WBC was lower 
for BCP than for AF. The high fat content of BCP compared to AF might reduce the 
hydration properties of BCP. An increasing fat content has been observed to decrease 
water holding, water retention and swelling capacities in coconut fibre (Raghavendra 
et al., 2004). Since the centrifugation methods removes water that is weakly bound to 
the fibre through surface tension, the WBC mainly detects water that interacts with 
molecular components of the fibre by hydrogen bonding and is therefore primarily 
influenced by the chemical composition of the fibre ingredient (López et al., 1996). In 
that context, the soluble fraction of DF from artichoke had higher WBC than the 
insoluble DF fraction (López et al., 1996). Since AF contains the highest amount of 
SDF, the high WBC might result from interactions of that fraction with water. During 
baking, water absorption of fibres might increase because of temperature-induced 
swelling (Kaack & Pedersen, 2005).  
The application of fibre in batter and dough results in the competition between wheat 
flour and fibre for water. To ensure that all ingredients can become hydrated during 
the time of batter or dough preparation, the influence of soaking time on the WBC of 
wheat flour, AF and gluten has been analysed (Figure 5.1). Only the WBC of AF 
increases slightly with increasing soaking time, there is no effect for wheat flour and 
gluten. Robertson et al. (2000) observed that different fibres (citrus, pea, and 
resistant starch) were extensively absorbed after 2 min of contact with water. The 
water absorption decreased substantial after the first two minutes. Auffret et al. 
(1994) reported also no influence of soaking time but observed differences in WBC 
with magnetic stirring during soaking. For the further experiments with application of 
fibre in muffins, it was therefore chosen to relinquish pre-soaking of the fibre powder 
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and let the fibre come in contact with water together with wheat flour during mixing of 
the batter and kneading of the dough. 
 
 
Figure 5.1: Time dependence of water binding capacity (WBC) of wheat flour, apple fibre (AF) 
and gluten. 
 
The swelling capacity was determined as 8.56, 9.84 and 5.30 mL g-1 for AF, WF and 
BCP, respectively. The values are in agreement with swelling capacities determined in 
a collaborative European study with different dietary fibres, like pea hull, apple pulp 
and citrus pulp (Robertson et al., 2000). The volume increase during swelling is 
influenced by the porosity and crystallinity of the fibres (Auffret et al., 1994). WF is 
composed mainly of insoluble dietary fibre and exhibits the highest SWC. The insoluble 
fraction of artichoke fibre also showed higher SWC than the soluble fraction, which 
indicates that structural characteristics dominate the kinetics of water uptake over 
chemical composition (López et al., 1996). The soluble dietary fibres (pectin) in AF 
support hydrophilic and elastic properties which result in higher volume increase 
during swelling and therefore a high SWC (Auffret et al., 1994).  
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5.2 Application of apple fibre in muffins 
5.2.1 Isoviscosity of muffin batter 
It has already been observed that the incorporation of dietary fibre in sweet baked 
goods is associated with an increase in batter viscosity, which has a great influence on 
product volume and texture (Gómez et al., 2010; Lebesi & Tzia, 2011; Martinez-
Cervera et al., 2011). Product characteristics can be improved by increasing the water 
proportion of the recipe. As described in chapter 2.6.3 different ways for the 
technological implementation are possible to determine the water that needs to be 
added, e.g. calculated from the water binding capacity of the fibre, by manual 
observation of batter consistency or by response surface methodology. Our solution 
has been published in a previous study, where it was our hypothesis that the optimal 
parameter for water proportion adaption is the batter viscosity and that impact of fibre 
addition on batter viscosity can be balanced by adjusting the water proportion in the 
recipes and produce baked goods with improved quality. Therefore the parameter of 
isoviscosity of batter was introduced (Struck et al., 2016). The isoviscosity is adjusted 
and proven by flow curves measured in rotational rheological measurements. The 
water proportion in the recipe was iteratively increased until the batter viscosity of the 
fibre-enriched sample at a shear rate of 10 s-1 aligns with the reference sample 
(Figure 5.2). This procedure resulted in the adapted amounts of water for the 
isoviscous recipes summarised in Table 5.2. Regarding the analysed value for water 
binding capacity (Table 5.1) it is noticeable, that the value is much higher than the 
amount of water determined by adaption of isoviscosity. Therefore it is concluded that 
water binding capacity determined by centrifugation method does not represent the 
capacity of fibre to absorb water in a batter system. The comparability is limited due 
to fibre-gluten interactions in the batter (Bárcenas et al., 2009). 
Table 5.2: Amount of wheat flour, apple fibre (AF) and additional water used in the recipes. 
Ingredient  Ref AF 30 AF 30 W AF 67 W 
Wheat flour  [g] 200.0 140.0 140.0 66.8 
AF  [g] - 60.0 26.9 60.0 
Additional water for 
isoviscosity with Ref  
[g] 
- - 33.1 73.2 
 
Based on this publication (Struck et al., 2016), other authors have used the viscosity 
as parameter to adjust batter properties in fibre-fortified bakery products, e.g. in the 
production of low-calorie muffins with cocoa-fibre (Karp et al., 2017).  
 
Results and discussion 55 
 
 
Figure 5.2: Flow curves of muffin batter with adapted water proportion to create isoviscosity.  
Ref – reference, AF – apple fibre. 
 
5.2.2 Nutritional analysis and appearance of muffins 
Nutritional composition of the muffins is depicted in Table 5.3. The nutritional 
composition of wheat flour type 405 is 13.9 g 100g-1 moisture, 1.16 g 100g-1 DM fat, 
87 g 100g-1 DM total carbohydrates (including 4.65 g 100g-1 DM DF), 11.38 g 100g-1 
DM protein and 0.46 g 100g-1 DM ash (Andersen et al., 2011). The composition of AF 
is shown in Table 5.1. 
Table 5.3: Nutritional analysis of muffins. AF – apple fibre, CH - carbohydrates 
Code  Ref AF 30 AF 30 W AF 67 W 
Moisture  [g/100g] 21.18c ± 0.45 21.04c ± 0.20 25.38b ± 0.36 30.01a ± 0.27 
Fat  [g/100g DM] 20.42c ± 0.31 20.64c ± 0.07 21.50b ± 0.05 22.00a ± 0.18 
Protein  [g/100g DM] 8.32a ± 0.08 7.39b ± 0.13 7.29b ± 0.04 5.82c ± 0.08 
Ash  [g/100g DM] 2.34d ± 0.01 2.43c ± 0.01 2.57b ± 0.01 2.83a ± 0.01 
Total CH* 
 
[g/100g DM] 68.92 69.54 68.64 69.35 
Baking loss  [g/100g] 13.0b ± 0.7 11.9c ± 0.5 13.3b ± 0.8 13.9a ± 0.8 
Energy density  [kcal/100g] 382.18 363.62 356.09 325.07 
Mean values (± standard deviation, n=3) in a column with different letters differ significantly (P < 0.05) 
*calculated by difference 
 
All apple fibre muffins showed reduced content of protein and higher content of ash 
compared to the reference muffin. These changes come from the different composition 
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of apple fibre and wheat flour, which are reflected in the nutritional analysis according 
to the replacement level. Protein content decreased significantly with increasing wheat 
flour replacement because apple fibre contains approximately half the amount of 
protein than wheat flour. Dietary fibre has a lower energy density than wheat flour, 
which is the reason why fibre-enriched bakery products are reduced in energy 
(Grigelmo-Miguel et al., 1999; Gularte et al., 2012; Uysal et al., 2007). With the 
inclusion of apple fibre in muffins, the energy density could be reduced by 
57 kcal/100g. 
Moisture contents of muffins with apple fibre and adapted water proportion to create 
isoviscosity are higher than of reference and AF muffins. This is solely explained by 
the higher water proportion in the recipe. Ref and AF contained 120 g water on a basis 
of 200 g wheat flour. To create isoviscosity, additional water was added to AF 30 W 
and AF 67 W (Table 5.2). Taking the different moisture contents of wheat flour 
(13.35 g 100 g-1), apple fibre (4.0 g 100 g-1) and their percentage in the recipes into 
account, the muffins with additional water contained, after baking, the percentage of 
water that was added to the batter beforehand. The high water binding capacity of the 
fibre did not influence the moisture content of AF in comparison to the reference. 
Therefore, there is no indication that the fibre in the batter prevents moisture loss 
during baking, as it has been suggested for bakery products with peach dietary fibre 
(Grigelmo-Miguel et al., 1999) and wheat bran (Shafer & Zabik, 1978). Despite the 
higher water absorption capacity of AF compared to wheat flour, the water was not 
held during baking, but released in the same way as in a batter with only wheat flour. 
This suggests, that the water binding measured during determination of WBC with the 
centrifugation method is mainly physically entrapped water in capillaries which 
evaporates during baking of muffin batter and therefore does not increase the 
moisture content of the final product. Additionally, interactions between dietary fibre 
and proteins in the batter take place that prevent complete hydration of DF (Chen et 
al., 1988). Thus, the additional water in the batter cannot be bound by DF and is lost 
during baking. If the water proportion in the recipes would have been adapted by the 
determined WBC of 4.79 g H2O per g dry fibre, the additional amount of water to 
replace 30 % of wheat flour with AF and water would have been 49.21 g, which is 
much higher than the amount determined for AF 30 W (Table 5.2). From this 
observation it can be concluded that, the determination of WBC with centrifugation 
method does not provide values that help evaluate the water binding of fibre in the 
final batter or dough. Analysis of the impact of fibre addition on batter viscosity and 
subsequent adaption of water proportion will help to create products with more 
satisfying characteristics.  
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Table 5.4: Product characteristics of muffins with wheat flour replaced by apple fibre (AF).      
Ref – reference, L* - lightness, C* - chroma, hab – hue angle. 
Code 
 
Ref AF 30 AF 30 W AF 67 W 
Crust colour L* 49.55a ± 0.71 37.03c ± 0.57 40.05b ± 0.87 32.85d ± 0.13 
 
C* 39.93a ± 0.43 25.70c ± 0.07 30.21b ± 0.13 23.29d ± 0.63 
 
hab 63.98
a ± 0.45 57.41c ± 0.67 61.06b ± 0.18 56.52c ± 0.56 
Crumb colour L* 69.19a ± 1.71 39.99c ± 0.81 44.21b ± 0.62 34.79d ± 0.45 
 
C* 18.22d ± 0.81 29.02a ± 0.19 25.59c ± 0.08 27.60b ± 0.36 
 
hab 91.54
a ± 0.33 67.97c ± 0.40 72.27b ± 0.16 66.98d ± 0.04 
Mean values (± standard deviation) in a row with different letters differ significantly (P < 0.05) 
 
The colour properties of reference and apple fibre fortified muffins are summarised in 
Table 5.4. Apple fibre had a significant influence on muffin crumb and crust colour, 
since its natural colour is light brown. Since AF 30 W contained the lowest total 
amount of apple fibre, colour values are closest to the reference. Lightness and hue 
angle of crust and crumb are decreased in fibre-fortified muffins compared to the 
reference. With fibre addition, chroma of crust decreased and chroma of crumb 
increased. 
 
 
Figure 5.3: Pictures from above (left) and vertical cut scans of muffins (right). Ref - reference, 
AF – apple fibre. 
 
Pictures of the muffins from above and of the vertical cuts can be seen in Figure 5.3. 
Muffin crust of Ref is uniform in colour, matte and shows only very small cracks on the 
surface. In AF 30 muffins, the cracks are deeper and the surface is shinier. 
Furthermore, AF 30 has an irregular shape and sharp bulges on the surface, which are 
a result of the high batter viscosity which impedes dosing and homogeneous 
distribution of batter in muffin tins. The crust of AF 30 W is similar to the reference. 
AF 67 W shows cracks on the surface which are a result of crust formation before final 
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structure setting. The vertical cut pictures reveal different shapes of concavity of the 
crust. The shapes of Ref and AF 30 W are very similar, whereas AF 30 and AF 67 W 
are flat. 
5.2.3 Influence of apple fibre on pore formation 
Muffins are typically characterised by a high volume that results from the aerial, 
porous structure of the crumb. This characteristic feature can only be achieved when 
the batter is able to retain the many tiny air bubbles that are incorporated during 
mixing, to withstand the pressure deriving from bubble growth and is transformed into 
a stable foam during baking. During temperature rise, bubbles expand, gas diffuses 
from small to large bubbles and gas cells rupture explosively (Bell et al., 1975).  
 
 
Figure 5.4: Pore distribution in muffins analysed from scan images of the crumb. Fractions of 
pore size expressed as ceiling of bins. Ref - reference, AF - apple fibre.  
 
The resulting pore size distribution from image analysis is depicted in Figure 5.4. The 
overall pore size area in the analysed cropped image section was 290 mm², 285 mm², 
276 mm² and 390 mm² for Ref, AF 30, AF 30 W and AF 67 W respectively. It is 
noticeable that the samples Ref and AF 30 contain similar amounts of pores that are 
smaller than 1 mm². The samples with adjusted water proportion in the recipe to align 
with batter viscosity of the reference (AF 30 W and AF 67 W) contain 12 % less pores 
< 1 mm². More than 60 % of pores were smaller than 2 mm² in all samples. Pores 
larger than 10 mm² are visible in all samples, with the lowest percentage in AF 30 W. 
Very large pores with cell areas greater than 100 mm² have been observed in Ref and 
AF 67 W samples. These large pores derive from bubble growth during heating, where 
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gas diffusion from small to large bubbles occurs in a temperature range between 45 
and 88°C, whereas small bubbles are often absorbed by bigger ones (Bell et al., 
1975). When the structure sets, the bubbles remaining as pores in the crumb are 
mainly responsible for volume and texture of the baked product. To give more detailed 
information on the reason for the different pore size distributions in the different 
recipes, dough rheology measurements were performed. 
The resulting aerated structure of muffins is enormously influenced by the behaviour 
of bubbles in the batter emulsion. The bubble rise velocity vSt in fluid cake batter can 
be described by the Stokes equation (Eq. 6) with acceleration due to gravity g, liquid 
density ρl, bubble diameter d and viscosity of the liquid η (Campbell & Mougeot, 1999). 
𝑣𝑆𝑡 =
𝑔∙𝜌𝑙∙𝑑
2
18∙𝜂
          Eq. (6) 
Bubble formation in batter and thus pore formation in the final product are strongly 
influenced by batter viscosity, which has an indirect proportional influence on bubble 
rise velocity (Eq. 6).  
The flow curves of the different muffin batters were fitted with the Ostwald model. The 
resulting parameters are presented in Table 5.5. The consistency index k refers to ηa 
at 1 s-1 and ranged from 67.56 ± 0.43 to 489.94 ± 31.07 Pa·s. Muffins with 30 % 
wheat flour replaced with apple fibre without water proportion adjustment (AF 30) 
showed significantly higher viscosity values than the reference batter which is 
represented by the high consistency index of AF 30 batter (489.94 Pa·s, reference 
68.12 Pa·s). The higher k-value for AF 30 batter indicates a reduction of ability to 
flow. Consistency is related to the ability of batter to retain gas, whereas low 
consistency produces products with low volume and excessive consistency on the 
other hand is also known to diminish product quality by impeding correct dosing and 
batter expansion (Gómez et al., 2010). A low batter viscosity was observed to allow 
occluding more air bubbles during mixing (Rodríguez-García et al., 2014b) which act 
as nuclei for collection of leavening gas and water vapour during baking (Randleman 
et al., 1961). When bubbles become too large, the buoyancy carries them to the 
surface and they escape, which cause a loss in product volume (Pateras et al., 1994). 
AF 30 showed the highest percentage of pores smaller than 1 mm², which could result 
from the high batter viscosity which retards bubble movement and slows down the 
disproportionation process, thus stabilizing muffin batter (Rodríguez-García et al., 
2014b).  
Lebesi and Tzia (2011) also found a significantly increased consistency factor in 
cupcake batter with the incorporation of dietary fibre. Masoodi et al. (2002) observed 
an increasing batter viscosity with increasing level of apple pomace in cakes and with 
decreasing particle size of the fibre. To exclude the effect of different batter viscosities 
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on product properties the water proportion in the recipe was adjusted to align the 
batter viscosities to the reference (AF 30 W). The viscosity of the reference batter at a 
shear rate of 10 s-1 was used as target viscosity, because mixing and stirring are 
associated with shear rates of 10 – 104 s-1 (Mezger, 2006). The consistency index of 
the batters Ref, AF 30 W and AF 67 W do not differ significantly (Table 5.5). The 
recipe AF 67 W contains the same amount of fibre than AF but with adjusted batter 
viscosity. 
All batter samples exhibited shear thinning behaviour (n<1) within the experimental 
shear range which is demonstrated by the flow behaviour index ranging between 0.28 
and 0.43. The flow behaviour index was significantly decreased in AF 30 batter 
compared to all other samples.  
Table 5.5: Flow curve parameter at 25°C with fitting to Ostwald model. Ref – reference, AF – 
apple fibre, k - consistency index, n - flow behaviour index, R² - correlation coefficient. 
Code Ref AF 30 AF 30 W AF 67 W 
k [Pa·sn] 68.12b ± 6.86 489.94a ± 31.07 67.56b ± 0.43 73.97b ± 4.38 
n [-] 0.43a ± 0.01 0.28c ±   0.01 0.40b ± 0.00 0.41b ± 0.01 
R² 0.97 0.88 0.98 0.98 
Mean values (± standard deviation, n=4) in a row with different letters differ significantly (P < 0.05) 
 
Oscillatory measurements were performed at 25 and 100°C to analyse the viscoelastic 
properties of the batter at different temperatures and to simulate batter behaviour in 
the oven during baking. The resulting frequency sweeps are depicted in Figure 5.5 and 
the parameters from curve fitting with power law are summarised in Table 5.6. The 
storage modulus at 25°C increased with increasing frequency and a loss tangent 
(tan δ) <1 in the entire analysed frequency range indicates the structure of a soft gel 
with predominant elastic behaviour. This viscoelastic behaviour is typical for batters 
and has already been observed (Baixauli et al., 2008; Kalinga & Mishra, 2009; Sanz et 
al., 2008). 
The AF 30 batter showed higher storage and loss moduli than the control batter over 
the analysed frequency range which illustrates the firm structure of the batter with 
apple fibre without any additional water. Additionally, the tan δ decreases from 0.500 
for the reference to 0.373 with the replacement of wheat flour by apple fibre, which 
indicates increased solid-like properties of the AF 30 batter. O’Shea et al. (2013) 
incorporated orange pomace in gluten-free breads and also observed an increase of 
the storage modulus in fibre-enhanced batter. Increased batter viscosity and stiffness 
in fibre-enriched batters is often explained with high water absorption capacity of DF 
that reduces the water availability in the batter (Gularte et al., 2012; Masoodi et al., 
2002). Other possible explanations for the effect of fibre on batter rheology are 
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Figure 5.5: Storage G’ (black/grey symbols) and loss modulus G’’ (white symbols) in dependence 
of frequency at 25°C (left) and 100°C (right). Ref – reference, AF – apple fibre. 
interactions between gluten and dietary fibre compounds. Hydrogen bonds can be 
formed between gluten and cellulose, hemicellulose, and lignin in DF that increase the 
structural strength of muffin batter (Guevara-Arauza et al., 2015). The values for k’ 
and k’’ at 25°C in Table 5.6 for isoviscous batters do not differ from the reference over 
the analysed frequency range, which is in alignment with the results from the flow 
properties.  
 
 
After the simulated baking with a temperature sweep in the rheometer, the additional 
frequency sweep at 100°C is shown in Figure 5.5, right graph. In comparison to the 
behaviour at 25°C, all batters showed higher values of G' and G'' which indicates an 
increased degree of structuring after baking. This is also illustrated by the decreased 
values of tan δ at 100°C compared to the values at 25°C. The solid-like properties are 
increased after heating, a result of the temperature induced transformations of the 
batter ingredients, like starch gelatinisation and protein denaturation. Nevertheless, 
the structure of a gel maintained, as G'>G'' over the analysed frequency range. 
Storage and loss modulus exhibit only a slight increase with increasing frequency after 
heating which is illustrated by the low values of n’ and n’’ and implies less frequency 
dependence of the viscoelastic moduli after heating. AF 30 batter had the highest 
values of k' and k'' at 100°C and the storage modulus was approximately seven times 
higher compared to the values at 25°C. Despite the higher batter stiffness at 25°C, 
after heating k’ and k’’ values of AF 30 are closest to the reference, which indicates 
similar behaviour of bubble entrapment during baking. AF 67 W showed the lowest 
values of viscoelastic moduli. As 67 % of wheat flour was replaced by the fibre-water 
mixture, less starch and protein was available to support the structure of the baked 
batter. 
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Table 5.6: Parameters from frequency sweeps at 25 and 100°C fitted with power law (y=k·xn). 
Ref – reference, AF – apple fibre. 
 Ref AF 30 AF 30 W AF 67 W 
   at 25°C     
   k’ [kPan] 0.4b ± 0.0 5.1a ± 0.1 0.4b ± 0.0 0.4b ± 0.0 
   n’ [-] 0.270a ± 0.004 0.207c ± 0.002 0.265a ± 0.006 0.247b  ± 0.006 
   k’’ [kPan] 0.2a ± 0.0 1.9a ± 0.1 0.2a ± 0.0 0.2a ± 0.0 
   n’’ [-] 0.394a ± 0.004 0.291b ± 0.002 0.376a ± 0.002 0.387a ± 0.013 
   tan δ = k’’/k’ 0.500 0.373 0.500 0.500 
   at 100°C     
   k’ [kPan] 24.4b ± 0.6 35.8a ± 1.1 14.8c ± 0.6 6.4d ± 0.6 
   n’ [-] 0.031d ± 0.002 0.062b ± 0.002 0.054c ± 0.002 0.088a ± 0.003 
   k’’ [kPan] 2.4b ± 0.1 4.4a ± 0.2 1.6c ± 0.1 1.0d ± 0.1 
   n’’ [-] 0.116b ± 0.018 0.173a ± 0.011 0.164a ± 0.012 0.158a ± 0.020 
   tan δ = k’’/k’ 0.098 0.129 0.108 0.156 
Mean values (± standard deviation, n = 4) in a row with different letters differ significantly (P < 0.05) 
 
The temperature sweep from 25 to 100°C during oscillatory measurement gives 
information about viscoelastic behaviour of batter during baking and is depicted in 
Figure 5.6. Temperature-induced reactions observed at constant strain and frequency 
are helpful to understand structural changes in batter during heating. The impact of 
thermal energy leads to (1) a decrease to a stiffness minimum from 25 to 60°C, (2) a 
subsequent increase in stiffness to a global maximum, and (3) a final stiffness 
decrease until a constant value is reached, regardless of whether standard batter or 
batter fortified with functional ingredients is considered (Chen et al., 2008). 
In phase (1) complex modulus reduction is a result of thermal activation of molecules 
which softens the batter (Chen et al., 2008; Kalinga & Mishra, 2009). The loss factor 
tan δ increased to a maximum for all samples in the first phase, and AF 30 showed the 
lowest values. The maximum of tan δ represents highest viscous ratio and lowest 
structural stability, whereas G*max stands for maximal structure hardening (Jekle et 
al., 2016). Table 5.7 summarises the minimum and maximum values of G* for the 
different batters and their respective temperatures. G*min is significantly increased in 
AF 30 batter; and all isoviscous batters show no difference among each other. The 
temperature at which the minimum occurs is 60 ± 1°C for all batters accept AF 67 W, 
where this temperature is slightly increased to 63.1 ± 2.2°C. In the subsequent phase 
(2) G* increases as a result of structure formation because of protein denaturation 
and starch swelling. Water enters the starch granules amorphous regions and causes 
increasing solubilisation of amylose and amylopectin, thus viscosity of the aqueous 
phase increases. The gelatinisation temperature of wheat starch ranges between 60 
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and 75°C in media with excess water (Parker & Ring, 2001). In cake batter the starch 
gelatinisation temperature was found to range between 80 and 95°C and the egg 
protein denaturation temperature between 70 and 100°C. Both temperature induced 
changes in macromolecules are responsible for increasing batter viscosity during 
baking (Wilderjans et al., 2008). Sucrose in the muffin batter increases the 
gelatinisation temperature of starch due to limited water availability to starch granules 
and lowering of water activity (Wilderjans et al., 2013). The gelatinisation temperature 
of starch in cakes containing high amounts of sugars can rise up to 90.6°C (Lin et al., 
1994). The delay of starch gelatinization and protein denaturation supports bubble 
expansion in the batter due to evaporation and carbon dioxide formation from baking 
powder before the structure sets and cell walls harden. The volume of the batter is at 
maximum when starch and protein denature almost simultaneously during baking 
(Donovan, 1977). In phase (3) of the temperature sweep, structural modifications are 
completed and setting of the structure causes a decrease in G* until a stable plateau 
value is reached. 
 
 
Figure 5.6: Complex modulus G* [kPa] and tan δ [-] of temperature sweeps from 25 to 100°C at 
1 Hz and a strain of 0.0005. Ref – reference, AF – apple fibre. 
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Table 5.7: Minimum and maximum values of the complex modulus G* and the respective 
temperatures T during batter heating in oscillatory measurements (f = 1Hz, heating rate = 
7 K min-1). 
Code  Ref AF 30 AF 30 W AF 67 W 
G*min  [kPa] 0.2
b ± 0.0 2.7a ± 0.1 0.2b ± 0.0 0.2b ± 0.0 
T at G*min  [°C] 61.3
b ± 0.4 60.5b ± 1.3 59.0b ± 1.5 62.8a ± 2.2 
G*max  [kPa] 22.7
b ± 0.6 35.8a ± 1.1 16.4c ± 0.3 11.1d ± 0.6 
T at G*max  [°C] 100.0
a ± 0.0 99.6a ± 0.0 98.1b ± 0.5 95.3c ± 0.6 
Mean values (± standard deviation, n=4) in a row with different letters differ significantly (P < 0.05) 
 
G*max decreases with increasing wheat flour replacement from 22.7 kPa for Ref to 
11.1 kPa for AF 67 W. Nevertheless, the highest value of 35.8 kPa was observed for 
AF 30 batter. Temperature at G*max in isoviscous batters significantly decreases with 
increasing fibre level from 100 to 95.3°C. This effect has also been observed with 
sucrose reduction in muffins (Struck et al., 2016). In the case of sucrose reduction, 
the decrease of T at G*max is related to the high hygroscopicity of sucrose, which 
reduces the availability of water for starch and proteins and thus restrains starch 
swelling and delays starch gelatinisation and protein denaturation. Therefore, with 
reduced sucrose content, more water is available for hydration of wheat 
macromolecules and temperature-induced transformations happen at lower 
temperature. With wheat flour replacement by AF, similar explanations are possible to 
interpret that behaviour. With increasing level of wheat flour replacement in muffins, 
the water proportion of the recipe was also increased to create isoviscous batters. It 
can be concluded that starch and protein in batters AF 30 W and AF 67 W were 
hydrated to a greater extent since more water was available. The fact that water was 
not made unavailable by fibre is in agreement with observations of water loss during 
baking (chapter 5.2.2).  
Table 5.8: Dimensions and texture of muffins. Ref – reference, AF – apple fibre. 
Parameter  Ref AF 30 AF 30 W AF 67 W 
Height [mm] 52.91a ± 1.45 46.68c ± 1.98 49.89b ± 1.53 39.28d ± 0.92 
Diameter [mm] 63.48b ± 0.58 61.21c ± 1.06 63.77b ± 0.47 64.40a ± 0.49 
Volume [cm³] 107.13a ± 2.52 88.98b ± 3.23 93.64b ± 3.62 82.39c ± 5.54 
Density [g cm-³] 0.33c ± 0.00 0.40a ± 0.00 0.38b ± 0.02 0.42a ± 0.02 
Firmness [N] 0.41c ± 0.10 1.43a ± 0.27 0.55b ± 0.14 0.29d ± 0.04 
Cohesive-
ness 
[-] 
0.79a ± 0.03 0.74c ± 0.02 0.77b ± 0.02 0.79a ± 0.01 
Mean values (± standard deviation, n=4) in a row with different letters differ significantly (P < 0.05) 
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Bubble formation and batter rheological characteristics strongly influence product 
properties like volume, height, diameter and density that are summarised in Table 
5.8. All apple fibre formulations produced muffins lower in height than the reference 
recipe and the same conclusion can be made for volume. These effects partly result 
from the decrease in temperature at which G*max occurs (Table 5.7), which cause 
earlier oven set and structure formation during baking and thus restrain volume 
expansion of the muffin. Additionally, since the recipes Ref, AF 30 W and AF 67 W 
derive from isoviscous batters, decrease in height and volume can mainly be explained 
by differences in viscoelastic properties after heating (Figure 5.5), that result in lower 
capability to retain gas and derive from dilution of gluten with incorporation of apple 
fibre (Grigelmo-Miguel et al., 1999a); an effect that has also been reported for muffins 
with wheat flour replacement by potato peel powder (Arora & Camire, 1994). The 
relation between muffin height and G*max from temperature sweeps is depicted in 
Figure 5.7. Isoviscous batters show a linear regression between these two factors, 
where both parameters decrease with increasing level of fibre incorporation. It can be 
concluded that temperature sweeps, and subsequent frequency sweeps at 100°C of 
isoviscous batters reflect realistically batter behaviour during baking so that they are 
helpful for simulating baking processes in small scale. Further advantages of 
rheological analyses are small sample size and much better reproducibility than that of 
cake baking experiments (Chesterton et al., 2015). 
 
 
Figure 5.7: Relation between muffin height [mm] and G*max [kPa] (left), and muffin firmness [N] 
and G*max [kPa] (right). Ref – reference, AF – apple fibre. 
 
When comparing muffins with 30 % wheat flour replacement, AF 30 W showed higher 
height and volume than AF 30. In both muffin recipes the gluten content remains the 
same, but batter viscosity is much higher in AF 30 muffins. As it can be seen from the 
pore size distribution (Figure 5.4), AF 30 had more pores with a cell area below 
66 Results and discussion 
 
1 mm², but less larger pores than AF 30 W. It can be concluded that AF 30 had a high 
number of air cells incorporated in the batter during mixing, but bubble growth was 
restrained by the high batter viscosity, which consequently resulted in lower height 
and volume of the baked product (Gómez et al., 2010). With adaption of batter 
viscosity to reference, these product deteriorating effects could be diminished in 
AF 30 W muffins.  
Regarding product texture, crumb firmness was highest in AF 30 and lowest in 
AF 67 W and shows a positive linear regression with the complex modulus G*max 
during temperature sweeps (Figure 5.7). Sudha et al. (2007) observed harder cake 
crumb with increasing amounts of incorporated apple pomace, which is in line with the 
results for AF 30. The reducing crumb firmness with higher fibre application in 
AF 67 W might be related to dilution of gluten through wheat flour replacement and 
thus less structure formation during baking. Crumb cohesiveness showed no clear 
trend with fibre application level. 
5.2.4 Influence of apple fibre on starch gelatinisation in muffins 
Pasting properties and gelatinisation behaviour of starch are usually analysed using a 
rapid visco analyser (RVA), in which a suspension is heated and cooled under 
controlled stress. The resistance of the sample is measured as a function of 
temperature and time; the resulting RVA profile gives information about starch 
gelatinisation, disintegration, swelling and gelling ability (Guha et al., 1998). The 
pasting profile of granular starch is characterised by an increase in viscosity to a 
maximum through granule swelling, followed by a minimum caused by weakening and 
disruption of granules. The viscosity difference between maximum and minimum is 
called breakdown. During cooling of the starch suspension, the viscosity increases 
again due to aggregation of amylose and amylopectin; this is defined as setback 
(Thiewes & Steeneken, 1997). Peak viscosity values give information on gelatinisation 
degree and starch granule disruption. 
The pasting profiles of milled muffin suspensions are shown in Figure 5.8. It was 
expected that starch content of muffins would have a great influence on the resulting 
pasting profiles. Since wheat flour is replaced by apple fibre, the reference muffin 
contains the highest starch content and thus presents the highest pasting viscosity 
during heating and cooling phase. Influences of apple fibre on starch become visible in 
the comparison of AF 30 and AF 30 W which contain equal amounts of wheat starch. 
The lower peak viscosity of AF 30 indicates higher gelatinisation of starch during 
baking (Sakiyan et al., 2011). 
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Figure 5.8: Pasting profiles (mean values) of milled muffin suspensions (10g DM 100g-1). 
 
Parameters resulting from pasting profiles are summarised in Table 5.9. The initial 
viscosity at 50°C was highest for Ref and lowest for AF 30. There is no clear trend with 
starch content observable in the initial viscosity, since Ref and AF 67 W showed similar 
initial viscosities. In general, pre-gelatinisation of starch through heat treatment leads 
to an increase of initial viscosity in comparison to native starch because pre-
gelatinised starch is able to absorb water and be viscous at room temperature 
(Jongsutjarittam & Charoenrein, 2014). Therefore, the gelatinisation degree of starch 
in Ref muffin might have been higher than in AF 30 muffins. Additionally, the higher 
initial viscosity of AF 30 W compared to AF 30, which contain the same amount of 
starch, indicates that starch gelatinisation degree was higher in AF 30 W, presumably 
due to the higher amount of water. Although AF 67 W contained the lowest amount of 
starch, the initial viscosity was not different from the reference. This could either 
indicate a high gelatinisation degree of wheat starch or a contribution of the AF to 
viscosity through the high amount of soluble dietary fibre. But since AF 67 W and 
AF 30 contain the same amount of AF and show very different initial viscosities, the 
contribution to viscosity might only play a minor role. 
Since all pasting profiles exhibited no clear peak but rising viscosities until the end of 
the heating phase, hot paste viscosity equals peak viscosity. In AF 30 and AF 67 W, 
viscosity rose with time over the entire heating and cooling phase, so that no values 
for breakdown could be calculated. Ref and AF 30 W exhibited a breakdown during the 
cooling phase at 71.1°C, whereas the difference between absolute peak viscosity and 
the local minimum was 5.0 mPa·s for Ref and 0.8 mPa·s for AF 30 W. 
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Table 5.9: Parameters from analysis of pasting properties. Ref – reference, AF – apple fibre, I – 
initial viscosity, H – hot paste viscosity, C – cold paste viscosity, SB – setback, T – temperature. 
  Ref AF 30 AF 30 W AF 67 W 
I  [mPa·s] 29.8a ± 10.8 18.7c ± 2.2 24.7b ± 2.1 28.8a ± 0.2 
H  [mPa·s] 87.8a ± 15.6 35.4c ± 4.5 49.5b ± 4.0 36.1c ± 2.0 
C  [mPa·s] 102.0a ±   6.9 47.6c ± 3.5 60.8b ± 4.1 45.1c ± 1.0 
Total SB  [mPa·s] 14.2a ±   8.7 12.2b ± 1.1 11.3b ± 0.1 9.0c ± 1.0 
Total SB ratio  [%] 116.7b ± 12.8 134.8a ± 7.5 122.9b ± 1.6 124.9b ± 4.0 
Pasting T  [°C] 61.6c ±   0.1    62.0c ± 0.9 65.5b ± 0.1 71.4a ± 0.1 
Mean values (±range, n=2) in a row with different letters differ significantly (P < 0.05) 
 
Ref exhibited highest hot paste and cold paste viscosity. Despite their equal starch 
content, AF 30 W showed higher hot paste and cold paste viscosity than AF 30. Lower 
peak viscosity is an indication of reduced degree of starch granule swelling or less 
starch that was available for gelatinisation during heating of muffin suspension (Collar 
et al., 2006). This unavailable starch could be a result of the formation of resistant 
starch in the muffin, or interactions between apple fibre and starch restricted viscosity 
increase during pasting experiments.  
The setback, which represents the difference between cold paste viscosity and hot 
paste viscosity, provides information about the gelling process of the muffin 
suspension. Total setback was strongly correlated with the starch content of the 
muffin suspension, since it was highest for Ref muffins, the same for AF 30 and 
AF 30 W and lowest for AF 67 W. Setback ratio, on the other hand, was highest for 
AF 30 with 134.8 %.  
Pasting temperature increased with increasing level of wheat flour replacement from 
61.6°C for Ref to 71.4°C for AF 67 W. Higher pasting temperatures in AF 30 W and 
AF 67 W muffins indicate delayed or restricted swelling and amylose leaching (Collar 
et al., 2006). Starch granules that are already disrupted become more rapidly 
gelatinised (at lower temperature) than native starch granules, which has been 
observed in extruded samples (Tacer-Caba et al., 2014).  
In vitro analysis of starch digestion is useful to predict the likely glycaemic response to 
food. However, the prediction is only realistic to a certain extent, since starch 
digestion in the gut is also influenced by the extent to which the food is chewed, the 
amount of available pancreatic amylase, transit time through the small intestine, 
nature of the carbohydrate, food form, and food processing (Brennan & Samyue, 
2004). Additionally, other food components, like proteins, lipids and non-starch 
polysaccharides, as well as interactions between them during food processing, 
influence the enzymatic digestibility of starch (Singh et al., 2010). For instance, it has 
been shown that the degree of starch gelatinisation in food influences starch digestion 
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characteristics (Aarathi et al., 2003), beside the extent of retrogradation (Singh et al., 
2010).  
The in vitro digestion performed in this thesis included simulated digestion of the oral, 
gastric and small intestine phases. The results are expressed as reducing sugars 
released in dependence of digestion time and are depicted in Figure 5.9. The free 
reducing sugars (determined at time 0 min) do not differ significantly, which was 
expected considering the total carbohydrate content of the muffins (Table 5.3). Apple 
fibre contains ~37 g 100 g-1 DM of carbohydrates that are not determined as dietary 
fibre and contribute to the free sugar content of the muffins. The application of wheat 
fibre that contained ~1 g 100 g-1 non-dietary fibre carbohydrates in muffins has been 
shown to reduce the reducing sugar concentration before digestion (Struck et al., 
2016). 
 
  
Figure 5.9: In vitro starch digestion over digestion time of 120 min as reducing sugars released 
(RS) in mg 100 g-1 DM. Mean values (±standard deviation) per digestion time with different 
letters differ significantly (P < 0.05). Ref- reference, AF – apple fibre. 
 
After 60 min digestion time, the amount of reducing sugars released is significant 
reduced in all apple fibre muffins, compared to the reference. This is mainly caused by 
the resistant starch content in apple fibre muffins. Since there are no significant 
differences detectable among apple fibre muffins, although AF 67 W contained the 
highest amount of DF and the lowest amount of starch, additional interactions may 
influence starch digestion. Fibre incorporation in general is known to reduce starch 
digestibility in bakery products. The incorporation of guar galactomannan in bread 
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resulted in a decreased starch hydrolysis because fibre acted as a physical barrier for 
the digestion enzymes (Brennan et al., 1996). Another effect deriving from 
physicochemical properties of DF is the rise in viscosity of digesta followed by reduced 
rates of digestion and absorption of carbohydrates (Singh et al., 2010). Additionally, 
an incomplete gelatinisation of starch granules during baking, resulting from 
interactions with soluble DF compounds, would increase their resistance to enzymatic 
hydrolysis (Singh et al., 2010).  
The parameters RDS and SDS from starch digestion are summarised in Table 5.10. 
Rapidly as well as slowly digestible starch content is significantly reduced in AF 67 W 
compared to the reference. Since Ref and AF 67 W exhibited similar initial viscosities 
in pasting experiments, it can be concluded that the digestibility of the muffins in in 
vitro experiments is not strongly influenced by digesta viscosity.  
The non-digestible carbohydrates were calculated as total carbohydrate content of 
muffins minus RDS and SDS. AF 67 W contained with 45.84 g 100 g-1 DM the highest 
amount of non-digestible carbohydrates. AF 30 and AF 67 W contain the same amount 
of apple fibre, but AF 30 is composed of nearly twice as much wheat flour as AF 67 W. 
Since this ratio is not reflected in the non-digestible starch content, AF 30 contained 
less gelatinised starch, which was not available for digestion. This supports the 
conclusions from pasting experiments.  
Table 5.10: Parameters of in vitro starch digestion. RDS – rapidly digestible starch, SDS – slowly 
digestible starch, CH – carbohydrates, Ref – reference, AF – apple fibre. 
[g 100g-1 DM] Ref AF 30 AF 30 W AF 67 W 
RDS  30.09a ± 8.06 21.99ab ± 6.93 26.34ab ± 7.50 16.74b ± 5.87 
SDS  26.71a ± 10.66 20.42a ± 4.46 24.56a ± 9.29 6.77b ± 3.10 
Non-digestible 
CH  
12.12 27.13 17.73 45.84 
Mean values (± standard deviation, n=6) in a row with different letters differ significantly (P < 0.05) 
 
5.2.5 Application of dietary fibre in muffins: Summary 
The application of apple fibre as wheat flour replacer in muffins led to several changes 
in nutritional, physicochemical and product characteristics. Replacement of wheat flour 
by AF led to lower protein contents in the muffins and reduced energy density by 
15 % (57.11 kcal 100 g-1), which is caused by the different chemical compositions of 
wheat flour and AF. Moisture loss during baking was not prevented by apple fibre 
despite its high WBC, which suggests that the WBC analysed by centrifugation method 
is mainly determined by physical entrapped water and does not provide information on 
the water binding in the batter. Additionally, interactions between AF and proteins in 
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batter prevent full hydration of fibre. The adaption of water proportion in the fibre-
enriched recipes by calculation of WBC from centrifugation method is therefore not 
practicable, but adaption through isoviscosity is suggested as alternative.  
The replacement of 30 % wheat flour by equal amounts of apple fibre (AF 30) led to 
batter with high batter viscosity and stiffness, which resulted in highest percentage of 
pores smaller than 1 mm². The higher batter viscosity stabilises batter through 
keeping bubbles from escaping by retardation of bubble movement. Higher batter 
stiffness of AF 30 results from water absorption of apple fibre and AF-gluten 
interactions. Nevertheless, the high batter viscosity impedes dosing and spreading in 
the pan, thus resulted in muffins with irregular shape and sharp bulges on the surface 
which are undesired product characteristics.  
During simulated baking experiments in a rheometer, temperature at which G*max 
occurred decreased with increasing wheat flour replacement in isoviscous batters. This 
might result from better starch and gluten hydration in isoviscous batters because of 
higher water proportions in the recipes since water was not made unavailable by AF. 
The earlier reaching of G*max resulted in earlier oven set through structure formation 
during baking and contributed to reduced volume expansion of AF 30 W and AF 67 W. 
The height of muffins was additionally linear correlated with G*max for isoviscous 
samples, which indicated that a weakened structure after heating resulted in lower 
capability to retain gas in bubbles. In muffins with same level of wheat flour 
replacement (AF 30 and AF 30 W), volume and height were lower for AF 30. Although 
a higher number of small pores in the crumb was observed for AF 30, bubble growth 
in the batter during baking was restrained by high batter viscosity. 
The parameter G*max from temperature sweeps strongly correlates with crumb 
firmness. Therefore small strain oscillatory measurement of muffin batter with 
temperature sweep is a suitable method to simulate baking and predict certain 
product characteristics.  
In pasting experiments of milled muffins, AF 30 exhibited the lowest initial viscosity, 
which indicates the lowest degree of gelatinisation compared to the other samples. 
This was supported by in vitro digestion analysis that showed less gelatinised starch 
available for digestion in AF 30 muffins. The equal initial viscosity of Ref and AF 67 W 
suggest that the high water proportion in AF 67 W resulted in a high degree of 
gelatinisation. The pasting temperature increased with increasing fibre level in muffins 
made from isoviscous batters.  
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5.3 Interactions of fibres with wheat starch 
5.3.1 Pasting properties of wheat starch – wheat fibre slurries 
Pasting properties of wheat starch and DF ingredients were analysed to gain 
information on the influence of DF on starch swelling, gelatinisation and 
reaggregation. To exclude influences from non-DF fibre compounds, the analysis were 
firstly performed with wheat fibre (WF). That fibre ingredient derived from wheat 
stalks and is composed mainly of DF with 2.8 g 100 g-1 DM SDF and 91.9 g 100 g-1 DM 
IDF (Table 5.1). The high content of IDF allows conclusions to be made on the impact 
of solubility of DF from pasting properties of wheat starch-WF. 
 
 
Figure 5.10: Pasting profiles of 10 g DM 100 g-1 wheat starch, WF and wheat starch-WF slurries. 
WF – wheat fibre. 
 
Pasting profiles of WF and wheat starch-WF blends are depicted in Figure 5.10. WF in 
water shows no viscosity development during heating and cooling phases. The pasting 
profile of wheat starch shows the typical gelatinisation characteristic, whereas the 
breakdown is only slightly pronounced, since peak viscosity equals hot paste viscosity. 
The profiles of the blends do not change in course of the curves, but the viscosity 
decreases with increasing replacement of wheat starch with WF. It is clearly visible 
that even a 1 % application level results in decreased viscosity in the cooling phase. 
Since wheat starch was replaced with wheat fibre to keep the dry matter of the 
suspensions comparable, the differences in pasting profiles may mainly result from the 
different starch contents of the samples. Wheat fibre does not affect the pasting 
profile and has no influence on the swelling capacity of the starch granules. Therefore 
a linear regression with a R² of 0.99 between starch content of the slurry and the 
pasting parameters can be seen in Figure 5.11. 
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Table 5.11: Pasting properties of wheat starch suspensions with 1, 5 and 10 % application level 
of WF – wheat fibre. P – peak viscosity, H – hot paste viscosity, C – cold paste viscosity, BD – 
breakdown, SB – setback, T - temperature . 
  wheat starch WF 1 % WF 5 % WF 10 % WF 
P   [Pa·s] 2.76a ± 0.04 0.03e ± 0.00 2.66b ± 0.01 2.31c ± 0.02 1.95d ± 0.01 
H  [Pa·s] 2.76a ± 0.04 0.02e ± 0.00 2.66b ± 0.01 2.29c ± 0.02 1.93d ± 0.01 
C  [Pa·s] 3.37a ± 0.05 0.03e ± 0.01 3.28b ± 0.01 2.85c ± 0.02 2.25d ± 0.03 
BD  [Pa·s] 0.00b ± 0.00 0.01b ± 0.00 0.00b ± 0.00 0.02a ± 0.00 0.02a ± 0.00 
Total SB  [Pa·s] 0.62a ± 0.08 0.01d ± 0.01 0.62a ± 0.01 0.56b ± 0.04 0.32c ± 0.02 
BD ratio  [%] 100a ± 0.00 80.70c ± 8.04 100a ± 0.00 99.1b ± 0.01   99.0b ± 0.01 
Total SB ratio  [%] 122b ± 3.37 150a ± 17.5 123b ± 0.09 124b ± 1.96 117c ± 0.95 
Pasting T  [°C] 63.3a ± 0.06 - 63.3a ± 0.00 63.3a ± 0.00 63.2a ± 0.20 
Mean values (± range, n=2) in a row with different letters differ significantly (P<0.05) 
 
The parameters calculated from the pasting profile are summarized in Table 5.11. 
Peak, hot paste and cold paste viscosity decrease with increasing application level of 
WF. The difference in peak viscosity is 0.4 Pa·s between wheat starch and 5 % WF, 
and as well between 5 % WF and 10 % WF. Therefore the decrease in peak viscosity 
is caused by the reduced starch content of the samples and WF does not interact with 
the starch granules. The application of WF has no influence on the pasting 
temperature. 
 
Figure 5.11: Regression of starch content of the slurries and pasting parameters. P – peak 
viscosity, H – hot paste viscosity, C – cold paste viscosity, WF – wheat fibre, AF – apple fibre. 
 
5.3.2 Pasting properties of wheat starch – apple fibre slurries 
The pasting profiles of 10 g DM 100 g-1 suspensions of wheat starch, AF and mixtures 
are depicted in Figure 5.12. Viscosity in slurries with pure apple fibre increased 
constantly during heating and cooling. Apple fibre contains soluble dietary fibre 
compounds (esp. pectins) that are able to bind water and increase the viscosity of the 
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surrounding aqueous phase and form a gel upon cooling. This is in contrast to the 
results of Rocha Parra et al. (2015), who found absolutely no viscosity development of 
apple pomace slurries in RVA measurements. This difference might result from the 
lower DF content of apple pomace used by Rocha Parra et al. (2015) of 47.7 g 100 g-1 
DM compared to the fibre content of AF (56.51 g 100 g-1 DM). Additionally the study 
provided no information on the soluble DF content, so the content of pectin is not 
comparable. The processing of pomace can also influence the characteristics of the 
final pomace powder, starting with mash treatment with depectinising enzymes, 
pressing procedure of juice, ending with drying and milling of the apple pomace 
(Nyman, 2003). 
In all wheat starch-AF blends, the starch was replaced by AF, which causes a decrease 
in starch content with increasing concentration of AF. That was expected to influence 
the pasting profile as seen in Figure 5.10 for WF, but pasting viscosity is nevertheless 
increased with addition of AF. Replacement of 1 % wheat starch with apple fibre had 
no influence on the pasting profile, in contrast to WF, where 1 % replacement already 
showed significant influences. Addition of 5 % AF resulted in the highest peak 
viscosity, whereas that viscosity development remained during heating and cooling 
phase. 10 % AF increased the peak viscosity in comparison to wheat starch alone. 
That viscosity development was not stable, but was followed by high breakdown, 
which resulted in the lowest viscosities at the beginning of the cooling phase. 
Subsequently, the viscosity increased very steeply and reached a value above the 
reference of wheat starch. 
 
 
Figure 5.12: Pasting profiles of 10 g DM 100 g-1 of wheat starch, AF and wheat starch-AF slurries. 
AF – apple fibre. 
Results and discussion 75 
 
Parameters analysed from pasting profiles are summarized in Table 5.12. Peak, hot 
paste and cold paste viscosity show no trend with percentage of wheat starch 
replacement by apple fibre, but are highest in 5 % AF. This results in no linear 
regression between starch content of the slurry and the pasting parameters, as 
depicted in Figure 5.11. Apple fibre has a stabilising, hence viscosity increasing effect 
on wheat starch and thus increased starch swelling power. A similar effect has been 
observed by Yildiz et al. (2013), which could find an increase in the peak viscosity for 
all concentrations of wheat starch-DF blends with oat, pea, lemon, and apple being 
applied as fibre sources. Soluble dietary fibre compounds become hydrated in the 
starch slurry and may have an encapsulating effect on the starch matrix, which 
strengthen the structural integrity of the polysaccharide network (Tudorica et al., 
2002). Rocha Parra et al. (2015), on the other hand, performed pasting experiments 
with blends of rice flour, cassava starch, and apple pomace and found decreasing peak 
viscosities with increasing application level of apple pomace. They concluded that 
starch swelling was restricted because of the reduction of available water in the 
presence of apple pomace. 
Breakdown ratio is the quotient from H to P, which means that the greater the 
breakdown, the lower the value for breakdown ratio (Bhattacharya & Sowbhagya, 
1978). A breakdown at the end of the heating phase was only detected in 5 % and 
10 % AF blends. Therefore breakdown ratio decreased with increasing level of AF. 
Total setback ratio describes the entire increase of viscosity during cooling, measured 
from the point where cooking ended, and is highest in AF sample, whereas in starch-
AF blends, it increased with increasing AF concentration. It can be concluded that AF 
does not prevent starch swelling, but the viscosity increase through cooking and 
cooling of AF suspensions is found in starch-AF blends as well. Therefore the structure 
of the starch paste is strengthened by the addition of AF. For hydrocolloids, two 
possible explanations have been found for their influence on starch pasting profiles: 
(1) the hydrocolloid associates with the swollen starch or with soluble amylose and low 
weight amylopectin fraction in the paste, and (2) competition between the 
hydrocolloid and starch for the free water in the suspension (Weber et al., 2009). The 
observations for AF in wheat starch suggest that the starch paste is not solely 
supported in structure stability by the apple fibre, but also hindered which is indicated 
by the higher breakdown with increasing AF level. Therefore the association of AF and 
amylose or amylopectin increases the starch paste viscosity only to a certain 
application level of AF in wheat starch. 
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Table 5.12: Pasting properties of wheat starch suspensions with 1, 5 and 10 % application level 
of AF – apple fibre. P – peak viscosity, H – hot paste viscosity, C – cold paste viscosity, BD – 
breakdown, SB – setback, T - temperature . 
  wheat starch AF 1 % AF 5 % AF 10 % AF 
P  [Pa·s] 2.76c ± 0.04 0.23d ± 0.03 2.80c ± 0.01 3.14a ± 0.01 3.07b ± 0.00 
H  [Pa·s] 2.76b ± 0.04 0.23d ± 0.03 2.79b ± 0.00 2.99a ± 0.06 2.63c ± 0.04 
C  [Pa·s] 3.37c ± 0.05 1.04d ± 0.05 3.43c ± 0.00 3.93a ± 0.09 3.53b ± 0.01 
BD  [Pa·s] 0.00c ± 0.00 0.00c ± 0.00 0.00c ± 0.00 0.15b ± 0.05 0.44a ± 0.04 
Total SB  [Pa·s] 0.62c ± 0.08 0.80b ± 0.03 0.64c ± 0.00 0.94a ± 0.03 0.90a ± 0.03 
BD ratio  [%] 100a ± 0.00 100a ± 0.00 99.8a ± 0.36 95.4b ± 1.61   85.7c ± 1.30 
Total SB ratio  [%] 122d ± 3.37 448a ± 26.8 123d ± 0.00 131c ± 0.38 134b ± 1.66 
Pasting T  [°C] 63.3b ± 0.06 68.7a ± 0.30 62.3b ± 0.00 62.8b ± 1.00 62.3b ± 0.1 
Mean values (± range, n=2) in a row with different letters differ significantly (P<0.05) 
 
The pasting temperature was not significantly changed by the addition of AF and was 
62 ± 1°C for all blends. Results in the literature concerning the influence of apple 
pomace on starch pasting temperature are again contradictory. Both an increase in 
pasting temperature (Rocha Parra et al., 2015) and a decrease in pasting temperature 
(Yildiz et al., 2013) have been reported. Since both results are not in agreement with 
the results in Table 5.12, DSC measurements have been performed to gain additional 
information on pasting temperature. The results of those measurements, summarised 
in Table 5.13, show no significant influence of apple fibre application on TOnset, TPeak or 
enthalpy. Symons and Brennan (2004) also found no influence of β-glucan addition on 
the gelatinisation temperature of wheat starch. But the researchers reported a 
decrease in enthalpy in samples with 5 % β-glucan added. The main endothermic 
transition in starch was observed at the same temperature interval, independent of 
water content and fibre addition. The enthalpic effect of starch gelatinisation is caused 
by the loss of the molecular double-helical order of amylopectin and melting of 
crystalline order in the starch granule (Randzio et al., 2003).   
Table 5.13: Thermal properties resulting from DSC measurements. TOnset – onset temperature, 
TPeak – peak temperature, E – enthalpy. 
Sample TOnset [°C] TPeak [°C] E [J g
-1] 
Wheat starch 56.88a ± 0.88 62.45a ± 0.68 6.54a ± 1.71 
1 % AF 56.07a ± 0.30 61.64a ± 0.22 7.85a ± 0.27 
5 % AF 56.26a ± 0.03 61.64a ± 0.34 6.35a ± 0.83 
10 % AF 56.24a ± 0.18 61.67a ± 0.31 6.82a ± 0.30 
Mean values (± standard deviation, n=4) in a row with different letters differ significantly (P<0.05) 
 
The pasting temperature is not influenced by wheat fibre addition, as was also 
observed with AF. These results have been confirmed with DSC measurements, that 
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resulted in no differences between wheat starch samples and wheat starch-WF blends 
in TOnset, TPeak and enthalpy (data not shown).  
5.3.3 Interactions of dietary fibre with wheat starch: Summary 
The application of WF and AF to wheat starch slurries led to changes in the pasting 
profiles. WF slurry without wheat starch exhibited a constant viscosity in the pasting 
profile, whereas AF slurry showed viscosity development over the heating and cooling 
phases. The different behaviours result from the chemical composition of the fibre, 
since WF is composed mainly of insoluble DF and AF contains a high amount of soluble 
DF compounds that have gel forming capabilities after heating and cooling. 
The viscosity parameter taken from the pasting profiles of wheat starch/WF slurries 
show a strong linear regression with the starch content of the slurry. Therefore all 
changes in the pasting profile with addition of WF result only from the lower content of 
wheat starch. WF acts as an inert filler in the starch paste and does not interact with 
the starch molecule in a way that influences pasting behaviour. 
AF, on the other hand, strongly influences the pasting profile at application levels 5 
and 10 %. Replacement of wheat starch by 5 or 10 % AF resulted in higher peak and 
cold paste viscosities compared to the reference, whereas 5 % AF showed the highest 
values. The lower starch content of AF blends did not reduce the viscosity of the 
slurry, but starch paste was strengthened by AF addition. The soluble DF in AF 
associates with the swollen starch granules or the starch polysaccharides and supports 
viscosity development. Both fibres WF and AF showed no influence on pasting 
temperature of wheat starch in pasting experiments, as well as in DSC measurements. 
The results contradictory to literature (Rocha Parra et al., 2015; Yildiz et al., 2013) for 
apple fibre might be explained by different dietary fibre contents of the apple pomace 
powder. Additionally the processing history of the pomace, e.g. treatment with 
depectinising enzymes, drying and milling influence the technofunctional properties of 
the fibre ingredients. Therefore the comparison of results with literature is hindered. 
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5.4 Interactions of fibres with wheat macromolecules in 
model wheat dough systems 
5.4.1 Dough development and water absorption 
The volume of water necessary to reach 500 BU of 300 g wheat flour-BCP-blends 
increased with increasing BCP level and was 189.2 mL for reference dough, 191.2 mL 
for 10 % BCP, 198.9 mL for 20 % BCP and 200.0 mL for 30 % BCP (Table 5.14). The 
water absorption displayed in Table 5.14 is however calculated as mL water necessary 
to reach 500 BU in dough from flour with a standardised moisture of 14 g 100 g-1 (see 
ICC, 1992). Since BCP moisture (4.2 g 100 g-1) was much lower than that of the flour 
(13.2 g 100 g-1), and moisture of the flour/BCP mixtures was therefore 12.3 g 100 g-1 
(10 % BCP), 11.4 g 100 g-1 (20 % BCP), or 10.5 g 100 g-1 (30 % BCP), the effect of 
the increasing water addition is not systematically reflected by the calculated WA 
because of the moisture correction factor. The addition of fibre to wheat dough is 
known to increase water absorption (Ahmed et al., 2013; Miś et al., 2012), but it is 
not always clear in the publications whether the different water contents of fibre and 
flour have been considered in the calculations.  
Table 5.14: Parameters from farinograms. V H20 – volume of water added to reach 500 BU 
(based on 300g of wheat flour), WA – water absorption [mL 100 g-1], DDT – dough development 
time [min], DS – dough stability [min], DOS – degree of softening [BU], BCP – black currant 
pomace, AF – apple fibre, WF – wheat fibre.  
 V H2O [mL] WA 
[mL 100 g-1] 
DDT [min] DS [min] DOS [BU] 
Ref 189.2c ± 0.2 62.5c ± 0.2 3.9d ± 0.0 5.8c ± 0.5 53.5b ± 6.0 
10 % BCP 191.2b ± 0.6 63.0b ± 0.0 6.2c ± 0.0 8.7b ± 0.6 80.2a ± 0.6 
20 % BCP 198.9a ± 0.8 63.9a ± 0.3 6.5b ± 0.1 4.1d ± 0.5 79.4a ± 0.2 
30 % BCP 200.0a ± 0.7 62.8bc ± 0.0 10.0a ± 0.0 18.6a ± 1.1 73.7a ± 7.0 
Ref 177.3e ± 0.6 58.2e ± 0.0 2.5b ± 0.4 - - 
5 % AF 201.3b ± 1.2 66.0b ± 0.1 2.3b ± 0.4 - - 
10 % AF 227.3a ± 0.6 73.7a ± 0.3 5.7a ± 0.3 - - 
5 % WF 190.0d ± 0.0 62.3d ± 0.4 2.2b ± 0.1 - - 
10 % WF 198.0c ± 0.0 64.5c ± 0.4 2.4b ± 0.1 - - 
Mean values (± range, n=2) in a colomn in a section with different letters differ significantly (P<0.05) 
 
The application of AF and WF resulted in increasing water absorption with increasing 
fibre level, where WA of the reference was determined as 58.2 mL 100 g-1. This effect 
was much more pronounced in AF doughs than in WF doughs (Table 5.14), but both 
fibres increased WA to a much greater extent than BCP, even though the application 
level was only 10 %. In general, the higher water uptake of dough with DF can be 
explained by the higher water affinity of DF powder compared to wheat flour: The 
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hydroxyl groups of the fibre can form hydrogen bonds with water (Rosell et al., 2001; 
Wang et al., 2002). This effect is intensified by a high content of soluble DF 
compounds present in the fibre, since 10 % AF had the highest WA. The fact that less 
additional water is necessary to achieve 500 BU when wheat flour is replaced by BCP 
might result from the high protein and fat content compared to the WF and AF (Table 
5.1), which influence the formation of dough structure and make these high 
application levels possible. In comparison to that, AF and WF had a higher impact on 
the dough structure, which made handling of doughs with higher fibre levels than 
10 % impossible. In addition, the farinograms of black currant pomace containing 
dough change in course compared to the reference and showed a second shoulder 
(Figure 5.13). For wheat dough with fenugreek fibre this was recently mentioned by 
Huang et al. (2016) who attributed the first local maximum to the gluten and the 
second local maximum to the pomace.  
 
 
Figure 5.13: Farinograms of wheat doughs with black currant pomace (BCP). 
 
The dough development time (DDT), the time from experiment start to the maximum, 
increased with increasing BCP level. The addition of WF had no effect on DDT but was 
significantly increased for 10% AF. This effect has also been reported for wheat dough 
fortified with rye bran (Laurikainen et al., 1998) or fenugreek flour (Huang et al., 
2016). Longer dough development times suggest that homogenisation of the dough 
was prolonged in pomace containing doughs (Bonnand-Ducasse et al., 2010). Dough 
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stability (DS), the time difference between the points where the kneading curve 
passes the 500 BU limit, increased with increasing BCP level except 20 % BCP (which 
had a lower value than the reference). Higher values for DDT and DS indicate 
increased dough strength in BCP fortified dough (Wang et al., 2002). The degree of 
softening increased with the addition of BCP but there was no significant influence of 
application level. Generally, the interpretation of the farinograms became more 
difficult with higher BCP and AF fractions in the mixture. The signal became noisier, 
presumably because of an inconsistent hydration of the flour during mixing (Huang et 
al., 2016) and may indicate poor breadmaking properties (Roberts et al., 2012). 
5.4.2 Creep-recovery properties  
Creep-recovery measurements allow the determination of steady-state viscosity and 
characterisation of the viscoelastic behaviour at long times of highly viscous samples 
(Bonnand-Ducasse et al., 2010). All doughs showed typical viscoelastic creep-recovery 
behaviour at 25°C, with an increasing strain under the applied stress and partial 
reformation after stress removal (Abebe et al., 2015). The results of fitting the 
compliance to the Burgers model are summarised in Table 5.15. The highest 
deformation that resulted from the application of the constant stress (50 Pa) was, 
after a loading step of 180 s, 0.081 in case of the reference dough. The maximum 
strain decreased with increasing BCP level to 0.054, 0.035 or 0.010 for 10 % BCP, 
20 % BCP or 30 % BCP, respectively, which is also reflected by Jmax (168.0x10
-5 Pa-1 
for reference, 109.9x10-5 Pa-1 for 10 % BCP, 64.7x10-5 Pa-1 for 20 % BCP, and 
16.6x10-5 Pa-1 for 30 % BCP). The instantaneous compliance and the viscoelastic 
compliance significantly decreased with increasing pomace content. Mainly the 
interactions between insoluble dietary fibre and wheat proteins are responsible for the 
increase in dough stiffness (Goldstein et al., 2010). Lower compliance means that 
more energy would be required to obtain a deformation similar to that of the reference 
dough, a behaviour that has also been reported when barley β-glucan was added to 
wheat dough (Ahmed, 2015). There was no significant influence on retardation time 
with pomace addition. The steady-state viscosity, which describes the response of the 
single dashpot in the steady-state phase of the experiment, is significantly increased 
with increasing pomace content. BCP particles seem to act as a filler in the dough 
matrix and therefore increase the viscosity of the system, where this effect is 
expected to be higher with higher volume fraction of the filler (Lefebvre, 2006). Wheat 
dough with low compliance and high steady-state viscosity resists stronger against 
deformation than dough with high J and low η0, and the higher η0 indicates the 
formation of stronger bonds between the macromolecules in wheat flour and BCP 
(Onyango et al., 2009).  
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Table 5.15: Parameters from creep recovery tests with compliance fitted by Burger model. Index 
c – creep phase, index r – recovery phase, J0 – instantaneous complicance, J1 – viscoelastic 
compliance, λ – retardation time, η0 – steady-state  viscosity, Jmax – maximum creep compliance, 
Jsteady/Jmax – creep recovery. BCP – black currant pomace, number in % stands for the degree of 
wheat flour replacement. 
 Ref 10 % BCP 20 % BCP 30 % BCP 
Creep phase     
J0 [10
-5 Pa-1] 46.0a ± 6.6 31.5b ± 3.9 18.9c ± 1.6 4.7d ± 1.1 
J1 [10
-5 Pa-1] 53.0a  ± 12.0 34.7b ± 4.7 21.0c ±   1.8 5.5d ± 1.2 
λ1 [s] 32.7
a ± 2.5 32.4a ± 0.9 33.3a ± 1.8 35.1a ± 1.4 
η0 [10
5 Pa·s] 2.7c  ± 0.6 4.1c  ± 0.4 7.3b ± 0.6 29.2a ± 8.1 
Recovery phase    
J0 [10
-5 Pa-1] 52.5a ± 12.9 36.8b ± 4.3 23.0c ± 2.9 5.5d ± 1.0 
J1 [10
-5 Pa-1] 35.7a ± 6.0 23.9b ± 3.6 17.0c ± 1.7 5.3d ± 1.5 
λ1 [s] 134.8
a ± 61.4 143.1a ± 28.9 160.5a ± 16.0 162.1a ± 55.1 
Jmax [10
-5 Pa-1] 168.0a ± 24.1 109.9b ± 12.8 64.7c ± 4.4 16.6d ± 3.2 
Jsteady/Jmax [%] 47.2
a ± 7.9 44.8a ±   3.1 38.1a ±   5.0 34.2a ± 11.7 
Mean values (± standard deviation, n = 4) in a row with different letters differ significantly (P < 0.05) 
 
In the recovery phase, J0 and J1 behave the same way as in the creep phase; with 
increasing pomace content the compliances decrease. J0 is lower in the creep than in 
the recovery phase, whereas J1 is lower in the recovery phase. As in the loading 
phase, there was no significant influence of pomace content on λ. Creep recovery 
decreased with increasing pomace content from 47.2 % for the reference to 44.8 %, 
38.1 % and 34.2 % for 10 % BCP, 20 % BCP and 30 % BCP, respectively, but this 
effect was not significant. A decrease in recovery suggests the irreversible breakage of 
elastic bonds in the pomace containing doughs (Onyango et al., 2009). 
5.4.3 Rheological properties of pomace containing dough in the linear 
viscoelastic region  
For all doughs and at both 25°C and 100°C, G’ exceeded G’’ (tan δ < 1) in the 
measured frequency window indicating that elastic contributions to stiffness dominate. 
It can be seen from k’ and k’’ that the incorporation of BCP causes a significant 
increase of both moduli at 25°C (Table 5.16). A comparable increase in the structural 
strength of wheat dough through the addition of dietary fibre from sources such as 
date or apple pomace has been reported (Ahmed et al., 2013; Bonnand-Ducasse et 
al., 2010; Ktenioudaki et al., 2013): insoluble fibre compounds (cellulose, 
hemicellulose, and lignin) of the pomace interact with the gluten matrix through 
hydrogen bonds and thus increase dough stiffness or act as filler in the viscoelastic 
matrix, which is in alignment with the results obtained from creep recovery 
measurements, were the steady state viscosity increased with increasing pomace 
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level. A linear regression between the steady state viscosity and k’ at 25°C has been 
observed (R²=0.99). The difference of tan δ at 1 Hz between 0.390 (reference) and 
0.360 for 30 % BCP points on reduced viscous contributions in the stiffer pomace 
containing doughs. Both moduli increased with increasing frequency. The respective 
power law exponents systematically decreased from n’ = 0.220 (reference) to n’ = 
0.174 (30 % BCP) for G’, and from n” = 0.246 (reference) to n” = 0.178 (30 % BCP) 
for G”. This indicates that, when a larger fraction of flour is replaced by BCP, the 
dough becomes less time-dependent, and the structure resembles that of a highly 
crosslinked material so that linkages between BCP and wheat proteins must have been 
formed. 
Table 5.16: Parameters from frequency sweeps at 25 and 100°C fitted with power law (y=k·xn). 
BCP – black currant pomace, number in % stands for the degree of wheat flour replacement. 
 Ref 10 % BCP 20 % BCP 30 % BCP 
   at 25°C     
   k’ [kPan] 8.2c ± 0.5 11.3bc ± 0.5   16.4b ±  3.7 49.7a ± 5.7 
   n’ [-] 0.220a ± 0.003 0.215ab ± 0.003 0.202c ± 0.002 0.174d ± 0.003 
   k’’ [kPan] 3.2c ± 0.1 4.4bc ± 0.2 6.2b ± 1.4 17.9a ± 1.9 
   n’’ [-] 0.246a ± 0.003 0.235b ± 0.002 0.219c ± 0.006 0.178d ± 0.005 
   tan δ = k’’/k’ 0.390 0.389 0.378 0.360 
   at 100°C     
   k’ [kPan] 48.4b ± 3.5 44.0b ± 1.7 45.3b ± 3.9 69.2a ± 7.1 
   n’ [-] 0.047cd ± 0.004 0.053c ± 0.003 0.064b ± 0.003 0.074a ± 0.005 
   k’’ [kPan] 4.5b ± 0.7 4.2b ± 0.3 4.9b ± 0.3 8.7a ± 1.5 
   n’’ [-] 0.047b ± 0.004 0.114a ± 0.008 0.101a ± 0.003 0.099a ± 0.012 
   tan δ = k’’/k’ 0.093 0.095 0.108 0.126 
Mean values (± standard deviation, n = 4) in a row with different letters differ significantly (P < 0.05). 
 
After heating to 100°C, differences in dough stiffness caused by BCP addition were 
less pronounced (Table 5.16). The temperature treatment largely affected k’ whereas 
k’’ did not increase that much and actually decreased in case of BCP dough. This is 
also reflected by tan δ that is much lower than at 25°C, and that increased from 0.093 
to 0.126 with increasing BCP level. Hence, elastic contributions are more dominant 
after heating. Frequency dependency of G’ and G” is less prominent than at 25°C, and 
n’ increased with increasing BCP level.  
The results from frequency sweeps of AF and WF containing doughs are depicted in 
Table 5.17. At 25°C parameters k’ and k’’ increased, whereas n’ and n’’ decreased 
with increasing DF application level. The contribution of DF to dough stiffness was 
most pronounced in 10 % WF containing dough. This has been expected, since WF 
consists almost entirely of insoluble DF (Table 5.1) that can interact with the gluten 
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matrix through hydrogen bonding. This is also visible in the greater influence of DF 
level on power law parameters k and n for WF compared to the same level of AF 
application. As observed in BCP containing doughs, tan δ decreased with application 
for WF, but there was no difference noticeable between both wheat flour replacement 
levels for AF. Increasing solid-like properties have also been reported for the addition 
of barley and oat flour to wheat dough, where insoluble fibre compounds interfere with 
the development of the gluten network and therefore reduce dough extensibility 
(Ahmed, 2015). Additionally, since WA was highest for AF 10 %, the samples contain 
the most added water. Free water and the distribution of water between the phases of 
the dough have an influence on the rheological properties of wheat dough (Lefebvre, 
2006) and might in case of 10 % AF reduce dough stiffness at 25°C compared to 
doughs prepared with 10 % WF. 
Table 5.17: Parameters from frequency sweeps at 25 and 100°C fitted with power law (y=k·xn). 
AF – apple fibre, WF – wheat fibre, number in % stands for the degree of wheat flour 
replacement. 
 Ref 5 % AF 10 % AF 5 % WF 10 % WF 
at 25°C      
k’ [kPan] 11.7d ±  0.7 18.8b ±  2.5 19.8b ±  0.5 16.2c ±  1.3 28.8a ±  1.3 
n’ [-] 0.223a ± 0.003 0.190c ± 0.011 0.188c ± 0.003 0.203b ± 0.003 0.177d ± 0.003 
k’’ [kPan] 4.5d ± 0.2 6.2bc ± 0.6 6.6b ± 0.1 5.7c ± 0.4 9.1a ± 0.4 
n’’ [-] 0.251a ± 0.003 0.228b ± 0.005 0.225b ± 0.001 0.226b ± 0.003 0.192c ± 0.003 
tan δ = k’’/k’ 0.385 0.330 0.333 0.352 0.316 
at 100°C      
k’ [kPan] 36.7c ±  0.5 33.9d ±  1.6 29.0e ±  0.6 38.6b ± 0.3 42.7a ±  1.9 
n’ [-] 0.050c ± 0.001 0.063b ± 0.008 0.077a ± 0.002 0.053c ± 0.002 0.060b ± 0.001 
k’’ [kPan] 3.2c ± 0.0 3.5b ± 0.3 3.6b ± 0.1 3.5b ± 0.1 4.1a ± 0.1 
n’’ [-] 0.116ab ± 0.008 0.127a ± 0.012 0.101b ± 0.012 0.103b ± 0.011 0.082c ± 0.006 
tan δ = k’’/k’ 0.087 0.103 0.124 0.091 0.096 
Mean values (± standard deviation, n = 4) in a row with different letters differ significantly (P < 0.05). 
 
At 100°C k’ significantly decreased from 36.7 kPa (reference) to 29.0 kPa (10 % AF) 
with addition of apple fibre. A contrary behaviour has been observed for WF, since k’ 
increased to 42.7 kPa for 10 % WF. Decrease of k’ in doughs might result from the 
dilution of gluten by wheat flour replacement. Although WF contains the same amount 
of gluten than AF samples, the dilution effect is not visible here, but covered by the 
contribution of WF to dough stiffness. In BCP doughs, the effect of increased stiffness 
through DF addition after heating was only visible for 30 % BCP. Nevertheless, for all 
doughs the temperature treatment is reflected by increased k’ values, compared to 
the values at 25°C. This effect is not visible in the loss modulus, since k’’ decreased in 
all doughs after heating. Therefore tan δ becomes smaller at 100°C compared to 
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25°C, which indicates higher elastic contributions to stiffness after heating. As also 
observed for BCP, G’ becomes almost independent of frequency in all doughs. 
  
 
Figure 5.14: Complex modulus G* [Pa] and tan δ [-] of temperature sweeps from 25 to 100°C at 
1 Hz and a strain of 0.0005. BCP – black currant pomace. 
 
The results of the temperature sweeps from 25 to 100°C, which were performed 
between the two frequency sweeps, are depicted in Figure 5.14 and Figure 5.15. Over 
the entire temperature range G’ dominated over G’’ in all samples (tan δ < 1). The 
responses for all samples follow a similar trend in which 3 stages can be distinguished. 
In the first stage, the complex modulus G* decreased with increasing temperature to 
a minimum at 53°C ± 2°C. The increasing temperature activates molecular activity 
and weakens the protein structure which results in lower dough stiffness (Ahmed et 
al., 2015). With increasing BCP and WF level the complex modulus increased, where 
30 % BCP and 10 % WF showed a significantly higher G* than the other samples. A 
higher complex modulus indicates that more gas pressure would be required to 
expand the dough during proofing and might result in a lower bread volume (He & 
Hoseney, 1991). For AF, no significant difference in G* development during heating 
between 5 % and 10 % application level can be observed. tan δ increased slightly in 
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the first phase with the reference, 10 % BCP and 20 % BCP showed no differences, 
only 30 % BCP had significantly lower values. In AF and WF doughs tan δ demonstrate 
lower values than the reference in the first heating phase. 
 
Figure 5.15: Complex modulus G* [Pa] and tan δ [-] of temperature sweeps from 25 to 100°C at 
1 Hz and  a strain of 0.0005. AF – apple fibre, WF – wheat fibre. 
 
In the second stage thermally induced changes including starch granule swelling, 
starch gelatinisation and protein denaturation start to influence dough structure so 
that the complex modulus increases rapidly to its maximum at 81 ± 1°C in Ref and 
BCP doughs as depicted in Figure 5.14. For Ref, AF and 5 % WF doughs, maximum of 
G* appeared at 76°C (Figure 5.15). This maximum temperature was reduced to 72°C 
in 10 % WF. Heating up to 55 – 75°C leads to starch gelatinisation and changes in 
dough stiffness due to leakage of amylose and amylopectin from the starch granules 
so that the viscosity of the matrix increases. The magnitude of changes in dough 
stiffness is proportional to its starch content (Dreese et al., 1988). The increase in G* 
was also interpreted as stabilisation of the protein network by swollen starch granules 
(Agyare et al., 2004). The 30 % BCP and the 10 % WF remained the systems with the 
highest complex modulus whereas the other samples showed only slight differences in 
the maximum G*. The application of AF did not influence the peak G* independent of 
application level. The maximum of tan δ represents the onset of gelatinisation (Jekle 
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et al., 2016). tan δ of the reference and 10 % BCP and 20 % BCP reached a maximum 
at 65 ± 1°C, that of 30 % BCP at 68°C. Thus the trend of increasing temperature for 
tan δmax with 30 % BCP can be seen, although this increase is not statistically 
significant. Doughs with AF, WF and their reference exhibited a maximum of tan δ at 
64°C. With further increasing temperature, the tan δ values decreased drastically, 
indicating a more pronounced contribution of elastic properties.  
In the third stage G* decreases, and a plateau is reached when the temperature was 
held constant at 100°C. The decrease in dough stiffness can be attributed to the 
weakened gluten network by the removal of matrix-stabilising starch granules through 
gelatinisation (Agyare et al., 2004). The starch granules lose their crystallinity 
completely at a temperature where the starch granules are destroyed (Lii et al., 
1996). The G* plateau was at 45 ± 2 kPa for the reference, 10 % BCP and 20 % BCP, 
and 66 kPa for 30 % BCP. In Ref, 5 % AF and 5 % WF, the G* plateau was at 36 ± 2 
kPa. 10 % AF showed a significantly lower plateau at 29.3 kPa and on the other hand, 
10 % WF a significantly higher plateau at 43.0 kPa. After the simulated baking in the 
rheometer the dough structure was set and the elastic properties became even more 
dominant which is expressed by tan δ values of 0.08, 0.09, 0.10 and 0.12 for the 
reference, 10 % BCP, 20 % BCP and 30 % BCP, respectively, and 0.09 for reference, 
5 % AF, 10 % AF, 0.10 for 5 % WF, and 0.12 for 10 % WF.  
5.4.4 Dough stickiness and extensibility  
Dough stickiness is a parameter strongly related to problems during industrial 
processing; the adhesion of dough on equipment can interrupt production and cause 
waste and contamination (Dobraszczyk, 1997). The results of dough stickiness 
measurements are summarised in Table 5.18. The addition of 10 % BCP did not 
change the adhesive force, but higher levels of pomace powder addition led to a 
significant decrease. Replacement of wheat flour with 5 or 10 % AF led to significant 
increased adhesive force, whereas WF lowered dough stickiness. The increase in 
dough stickiness with application of apple fibre posed the greatest problem during 
dough handling and prevented the application of higher contents of AF. Dough 
stickiness is mainly caused by free surface water, therefore the regression between 
water absorption (WA) and adhesive force is depicted in Figure 5.16. Water is 
distributed in the wheat dough in large bulk areas, in small droplets enclosed by the 
protein network, and in layers coating the starch granules (Fretzdorff et al., 1982) 
and, generally, increasing amounts of water in a dough are responsible for an 
increased stickiness (Jekle & Becker, 2011). Since AF doughs contained the most 
additional water (Table 5.14), free surface water might be responsible for the higher 
adhesive force and a positive strong linear regression between WA and adhesive force 
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is shown in Figure 5.16. AF has a different water affinity than wheat macromolecules 
and its application in wheat dough therefore changes water distribution in the dough. 
Additionally, as more water was added to BCP/WF enriched dough but as dough 
stickiness still decreased, immobilisation of water by BCP/WF compounds is obvious. 
For WF a negative linear regression between WA and adhesive force was detected, 
whereas BCP showed no linear regression between these two parameters. These 
different behaviours among the fibres result from their differences in chemical 
composition. Decreased dough stickiness in fibre-enriched dough provided good 
breadmaking performance (Collar et al., 2007). The increased dough stickiness of AF 
doughs will make the doughs difficult to process and result consequently in impaired 
bread characteristics. 
Table 5.18: Results of dough stickiness and extensibility measurements.  BCP – black currant 
pomace, AF – apple fibre, WF – wheat fibre, number in % stands for the degree of wheat flour 
replacement. 
 Adhesive force [N] Resistance [N] Extensibility [mm] 
Ref 0.88a ± 0.08 0.35a ± 0.06 36.13a ± 3.60 
10 % BCP 0.89a ± 0.08 0.25b ± 0.03 25.51b ± 2.22 
20 % BCP 0.74b ± 0.04 0.19b ± 0.02 22.47b ± 2.56 
30 % BCP 0.24c ± 0.05 0.24b ± 0.02 16.49c ± 1.77 
Ref 0.51c ± 0.04 0.29b ± 0.01 21.99a ± 0.16 
5 % AF 0.53b ± 0.02 0.36a ± 0.02 14.22c ± 0.64 
10 % AF 0.56a ± 0.02 0.25c ± 0.02 11.43d ± 0.00 
5 % WF 0.42d ± 0.05 0.31b ± 0.03 17.03b ± 0.45 
10 % WF 0.18e ± 0.03 0.38a ± 0.02 13.28c ± 0.31 
Mean values (± standard deviation, n = 4) in a column with different letters in the same section differ 
significantly (P < 0.05). 
 
Optimal dough properties which result in desirable bread characteristics derive from 
good resistance and good extensibility (Rosell et al., 2001). Doughs undergo large 
deformation during mixing and sheeting. To evaluate the extensional component 
uniaxial extension experiments are generally performed (Dobraszczyk & Morgenstern, 
2003). The resistance decreased with application of BCP and 10 % AF (Table 5.18) 
which means that the force to tear the dough is lower with pomace addition. There 
was no significant difference between the BCP application levels. Application of 
5 % AF, 5 % WF and 10 % WF resulted in increased resistance compared to the 
reference. Bonnand-Ducasse et al. (2010) also reported increased resistance to 
extension in doughs with insoluble wheat fibre. Measurements of viscoelastic 
properties resulted in increased G’ and G’’ with the addition of BCP and WF. Therefore 
application of these fibre ingredients makes wheat dough stiffer. This behaviour is not 
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reflected in the resistance analysed for the doughs, since only WF showed a strong 
positive regression between resistance and k’ at 25°C, whereas BCP showed this trend 
only up to 20 % application level. For AF no regression between these two parameters 
was observed. The force measured in resistance describes a tearing process in large 
deformation. Therefore, interactions analysed in the linear viscoelastic region do not 
provide information on dough behaviour under large extension in general 
(Dobraszczyk & Morgenstern, 2003).  
 
 
Figure 5.16: Regression of adhesive force and WA (left), extensibility and k’ at 25°C (right). Ref 
– reference, BCP – black currant pomace, AF – apple fibre, WF – wheat fibre, WA – water 
absorption. 
 
Extensibility decreased with increasing levels of BCP from 36.13 mm for the reference 
to 16.49 mm for 30 % BCP. The same results have been obtained for apple and wheat 
fibre application, since extensibility decreased from 21.99 mm for the reference to 
11.43 mm for 10 % AF and 13.28 mm for 10 % WF. Extensibility and k’ at 25°C 
showed negative linear regression (Figure 5.16). Reduced extensibility is closely 
related to a weakened matrix which can be attributed to a negative effect of DF on the 
formation of the gluten network (Goldstein et al., 2010), hence producing stiffer 
doughs with reduced viscous properties. 
5.4.5 Dough microstructure 
SEM and FLM pictures from the different dough samples are depicted in Figure 5.17 
and Figure 5.18. The reference dough exhibits a pronounced protein network with 
embedded starch granules. During kneading and the addition of water, wheat proteins 
start to interact with each other through hydrogen, ionic, hydrophobic and covalent 
bonds which lead to the formation of a crosslinked network (Jekle & Becker, 2011). 
The gluten film that develops in the dough can be clearly seen in the SEM pictures, 
where the starch granules are surrounded by thin protein strands and sheets. The 
gluten network is stretched around the homogeneously distributed starch granules, as 
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it can be seen in the FLM picture (see Figure 5.18). Considering information from 
literature images (Maeda et al., 2015), the dough seems to be in the final stage of its 
development process. The microstructure of 10 % BCP only shows small deviations 
from the reference sample. In the FLM images pomace particles are visible, but also a 
continuous protein film with embedded starch granules. The fibre particles are 
irregular distributed in the matrix and seem to interrupt the gluten films (Figure 
5.18.4). In case of 20 % BCP and 30 % BCP it is noticeable that the continuous 
protein network is less pronounced (which is in line with the results of rheological 
dough analyses). The protein phase is disrupted by large holes and BCP particles are 
clearly visible. The protein network is not homogeneously distributed in the sample 
but seems to concentrate around the fibre particles which would indicate the fibre-
protein interaction described previously. 
 
 
 
Figure 5.17: SEM pictures of dough samples. 1 – reference, 2 – 10 % BCP, 3 – 20 % BCP, 4 – 30 
% BCP, S – starch granules, G – protein network, F – fibre particles from BCP. 
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From the structure changes of fibre-doughs it is evident that the dilution of wheat 
proteins by a flour replacement of 20 and 30 % BCP is too high, and does not allow a 
successful integration of BCP in the dough. The doughs with less elasticity and 
extensibility due to the restriction of gluten with fibre application will lead to lower and 
gas retention and therefore lower bread volume. The incorporation up to 10 % seems 
promising for the successful application of BCP in wheat bread. 
 
 
Figure 5.18: Flourescence microscopy images of the dough samples. Samples stained with nile 
red (proteins are coloured in red). 1 – reference, 2 – 10 % BCP, 3 – 20 % BCP, 4 – 30 % BCP. 
  
5.4.6 Interactions of dietary fibre with wheat macromolecules in model 
wheat dough systems: Summary 
The model dough system was chosen to show interactions between fibres and wheat 
macromolecules in a dense structure with only a few components. BCP, AF and WF 
were applied as wheat flour replacement in model doughs. The water proportion of all 
doughs was adjusted to attain doughs with a consistency of 500 BU. In that context, 
water absorption is increased with increasing level of fibre. This effect is most 
pronounced for AF, which also contains the highest amount of soluble DF. For BCP the 
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least additional water was necessary to create target dough consistency and therefore 
BCP allows the highest application levels of up to 30 % without impeded dough 
handling. Dough development time increased with increasing level of BCP. 10 % AF 
showed significantly increased DDT, whereas WF had no significant effect compared to 
the reference. BCP and higher level of AF slow down the homogenous distribution of 
water in the dough and therefore the development of dough consistency. 
In the linear viscoelastic region G’ exceeded G’’ for all analysed doughs, which 
indicates that elastic contributions to dough stiffness dominate in the measured 
frequency range. Incorporation of fibre caused a significant increase of G’ and G’’ at 
25°C with increasing application level for BCP and WF, whereas for AF no difference 
was observed between 5 and 10 % wheat flour replacement. Insoluble DF compounds 
interact with the gluten matrix through hydrogen bonds and thus increase dough 
stiffness. 
After heating to 100°C, differences in dough stiffness caused by fibre addition were 
less pronounced. Power law parameter k’ decreased in AF and BCP containing doughs 
with application ≤ 20 %, which is caused by dilution of gluten but covered by 
contribution of fibres to dough stiffness in 30 % BCP and WF doughs. tan δ at 100°C 
was much lower than at 25°C because elastic contribution to dough stiffness are more 
dominant after heating. During heating the maximum of G*max increased with 
increasing level of BCP and WF, whereas this effect was not observed for AF. The 
temperature at which G*max occurred was only reduced in 10 % WF doughs, whereas 
all other doughs showed no difference to the reference. 
Adhesive force decreased in BCP and WF doughs, whereas increased dough stickiness 
was observed for AF, which was supported by a linear regression between water 
absorption and adhesive force for AF caused by higher amounts of free surface water. 
Extensibility decreased with fibre addition and resistance showed decreasing 
tendencies for AF and BCP application, whereas addition of WF increased resistance. A 
strong linear regression was found between k’ at 25°C and extensibility, which 
supports the result that fibres impede gluten network formation.  
The microscopic images of wheat doughs showed that fibre particles are visible to 
interrupt the gluten film and the continuous protein network was less pronounced in 
dough with higher fibre levels. The protein network concentrates around fibre particle, 
which indicates fibre protein interactions. 
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6 Conclusions and outlook 
Dietary fibres from by-products interact with wheat macromolecules in different ways 
that usually result in changes of viscoelastic properties of batter or dough and product 
characteristics. From the results of this thesis the main parameter influencing the 
effect of dietary fibre as wheat flour replacement is the chemical composition of the 
fibre powder. The contents of soluble and insoluble dietary fibre determine their 
effects on swelling of starch, gluten development, viscosity and water binding.  
The water binding capacity is determined by the chemical composition but also by 
physical parameters like particle size and porosity. The water binding capacity of the 
fibres from by-products plays an important role for the application in dough and 
batters, since the fibre competes with wheat macromolecules for free water. The 
hydration of fibre results in increased batter viscosity. This viscosity increase is 
responsible for negative changes in product characteristics, like lower height, higher 
density and harder structure of the baked good. In this thesis, increased batter 
viscosity caused by fibre addition was balanced with additional water in the recipes so 
that isoviscous batters were created. Replacement of 30 % wheat flour in muffins with 
a mixture of apple fibre and water resulted in products that were close to the 
reference in appearance of muffin crumb and crust structure but had a reduced energy 
density. The colour of the product changed significantly through the addition of apple 
fibre. Therefore a thorough sensory consumer testing will be necessary for the 
evaluation of market suitability of muffins with apple fibre. Nevertheless, higher wheat 
flour replacement levels resulted in reduced product quality, even with isoviscous 
batter. Batter viscosity showed very good applicability as empirical parameter to 
adjust the amount of water.  
Pasting experiments with wheat starch and apple fibre revealed that the fibre 
influences the starch paste but not the starch gelatinisation temperature. The viscosity 
increase during pasting experiments was significantly altered by apple fibre in 
comparison to wheat fibre, where the changes in the pasting profile are linearly 
correlated with the starch content. Therefore, the chemical composition, especially the 
content of soluble dietary fibre, was found mainly responsible for viscosity 
development under thermal influence. Pectin in apple fibre is able to gelatinise after 
heating and cooling which is measured as a viscosity increase during pasting 
experiments. Although the effect was measured in wheat starch – apple fibre slurries, 
the gelation of pectin did not contribute to the viscoelastic properties of muffin batter 
after heating in the same way as wheat flour which resulted in lower storage and loss 
modulus compared to the reference in small strain oscillatory measurements. 
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The results obtained for muffin batter are not directly transferrable to wheat dough. 
The gluten development was negatively influenced by the addition of fibres which 
resulted in less extensible doughs. The dough consistency was adjusted by adapting 
the water added to the wheat flour – fibre blends during kneading. Compared to the 
effect of adjusting the water proportion in muffins based on batter viscosity, the 
additional water in wheat doughs did not result in rheological or textural properties of 
fibre-fortified doughs closer to the reference. The gluten development during dough 
preparation determines the rheological properties of the dough and thus the final 
product. The fibres interact with gluten through hydrogen bonds and the effects could 
not be balanced by additional water. Therefore the hypothesis that additional water in 
the recipes would lead to better dough and product properties is true for muffin batter 
but not for wheat dough. To produce products from fibre-fortified wheat dough with 
satisfying properties, additives might be necessary. Again, as observed for the 
application in muffins and starch slurries, the chemical composition of the fibre 
dominates the effects in wheat dough. A high content of soluble dietary fibres in the 
by-product powder resulted in increased dough stickiness and did not allow application 
levels higher than 10 %. A high fat content in the fibre that results from seeds in the 
pomace allows higher application levels in wheat dough due to impeded water binding 
of the fibre and facilitated dough handling through reduced stickiness. The application 
of isolated fibre fraction according to their solubility would allow a more detailed 
interpretation of the role of chemical composition of dietary fibre ingredients and 
might result in optimised fibre product characteristics for specific applications. 
Additionally physical properties of the fibre ingredients, like particle size, could be 
modified. 
In general the application of fibre from by-products is more feasible for sweet bakery 
products based on batter, like cakes or muffins, since the gluten development is not 
necessary for batter structure and the interactions between fibre and gluten do not 
reduce batter stability as it has been seen in wheat doughs. Therefore the 
incorporation of fibre from by-products as wheat flour replacement is a possible way 
to increase the sustainability of the production chain and add value to a product that is 
currently regarded as waste. The interactions of fibres with wheat macromolecules and 
other ingredients can partly be balanced by water proportion adaption which allows 
the production of baked goods with good product quality, high contents of dietary fibre 
and bioactive compounds, and reduced energy. For practical application of that 
sustainable production chain, solution for drying of pomace in juice processing 
companies will be necessary to produce save fibre products with a long shelf life.   
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